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Energy-related sensations include sensation of energy and fatigue as well as subjective 
energizability and fatigability. First, we introduce interdisciplinary useful definitions of all 
constructs and review findings regarding the question of whether sensations of fatigue 
and energy are two separate constructs or two ends of a single dimension. Second, 
we  describe different components of the bodily energy metabolism system (e.g., 
mitochondria; autonomic nervous system). Third, we review the link between sensation 
of fatigue and different components of energy metabolism. Finally, we present an overview 
of different treatments shown to affect both energy-related sensations and metabolism 
before outlining future research perspectives.
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DEFINING DIFFERENT KINDS OF ENERGY-RELATED 
SENSATIONS

Energy-related sensations such as fatigue are phenomena that, despite being researched in 
various fields, such as medicine, cognitive psychology, or exercise physiology, still lack 
consensus definitions and taxonomy (Pattyn et  al., 2018; Skau et  al., 2021). As Pattyn et  al. 
(2018) and Skau et  al. (2021) point out, this fragmentation of knowledge hinders innovation, 
interdisciplinary collaboration, communication, and can lead to confusion or to a situation 
where advances in one field do not reach other fields, causing the phenomenon of “reinventing 
the wheel.” Skau et  al. (2021) have proposed two criteria that an interdisciplinary definition 
needs to fulfil: the first is non-circularity, meaning that no part of the term defined (in 
this case fatigue) should be  defined by itself or have already been used in the definitions 
of a prior definition. An example of circularity would be  defining fatigue as “feeling of 
exhaustion or lack of energy,” when exhaustion itself was defined as “feeling of fatigue or 
lack of energy.” The second criterion is finiteness, according to which at the end of the 
definition chain there should be  some primitives or undefined terms that get their meaning 
from meta-linguistic practices, such as ostensive procedures, i.e., pointing out examples, such 
as pointing to a blue object to define the colour blue (Skau et  al., 2021). In addition to 
these two criteria, Skau et  al. (2021) propose four desiderata: broadness (the definition is 
broad enough so that it can be  used in different fields), precision (the definition is precise 
enough to avoid multiple interpretations), neutrality (the definition should not depend on 
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a certain theory), and phenomenon focus (the definition should 
not involve explanations or should do so to a minimal extent).

Defining Sensation of Fatigue and Energy
In this section, we  propose a definition of fatigue and related 
constructs, after introducing recently proposed definitions which 
serve as the basis for our proposal. Based on the two criteria 
and four desiderata, Skau et  al. (2021) formulate a definition 
of the sensation of fatigue as “if and only if there is a sensation 
of (i) feeling the need for rest, or (ii) mismatch between effort 
expended and actual performance” (Skau et  al., 2021, p.  3). 
This sensation of fatigue can then encompass different domains, 
such as cognitive, physical, or emotional (Skau et  al., 2021). 
Among the numerous instruments that assess multiple dimensions 
of fatigue, the most common domains are cognitive, physical, 
and emotional (Whitehead, 2009). Some instruments also include 
a motivational component, such as the Multidimensional Fatigue 
Inventory (MFI; Smets et  al., 1995), and a social component, 
such as the Fatigue Impact Scale (FIS; Fisk et  al., 1994). The 
fatigue symptom inventory (FSI) and multidimensional fatigue 
symptom inventory (MFSI; Stein et  al., 1998) both contain an 
item regarding sexual activity, and we  suggest that a sexual 
component of fatigue could be  conceptualized as further 
dimension. While sexual dysfunction, especially hypoactive 
sexual desire, is often experienced in chronic fatigue syndrome 
(CFS), the current understanding of this phenomenon is limited 
(Blazquez et  al., 2009). An improved assessment of fatigue 
that includes the sexual domain might provide useful in 
addressing this problem. Another distinction that can be made 
is between state fatigue (referring to the momentary sensation 
of fatigue), trait fatigue (the overall disposition of sensation 
of fatigue), prolonged state fatigue (general tendency of sensation 
of fatigue within a defined time period), and pathological 
fatigue (when the general tendency of sensation of fatigue is 
perceived to interfere with everyday life; for a full description 
see Skau et  al., 2021).

Penner and Paul (2017) also suggest that differentiating between 
primary, secondary, and comorbid fatigue is of clinical importance: 
symptoms of primary fatigue can be  considered part of the 
underlying disease and emerge independently from other 
comorbidities, as it is the case in multiple sclerosis (MS). On 
the contrary, secondary fatigue results from other concomitant 
circumstances or disorders: potential contributing factors to fatigue 
are sleep disorders, reduced physical activity, pharmacotherapy, 
anaemia, thyroid dysfunction, and psychiatric disorders, most 
notably depression, whose co-occurrence with fatigue is often 
difficult to disentangle (Penner and Paul, 2017). Lastly, fatigue 
can be  comorbid with a primary neurological disease, but not 
being causally related to it or to the presence of concomitant 
diseases or circumstances. In this case it is defined as comorbid 
fatigue. However, these concepts are theory-driven and based 
on causal assumptions that cannot be definitely verified. Because 
of the desiderata neutrality, whereby a definition should not 
depend on any particular theory, and phenomenon focus, according 
to which a definition should involve explanations to a minimal 
extent (Skau et  al., 2021), we  believe that a descriptive approach 
with respect to comorbidities is more helpful, especially if 

considering our current etiological understanding. For example, 
MS with fatigue rather than primary fatigue or sleep disorder 
with fatigue rather than secondary fatigue. The discovery of a 
biological mechanism underlying these three dimensions of fatigue 
would cause these definitions to lose their utility.

Notably, previous literature has also attempted to classify 
fatigue based on its origins, either central or peripheral (DeLuca, 
2005). Peripheral fatigue is defined by Chaudhuri and Behan 
(2000, p. 34), as “the inability to sustain a specified force output 
or work rate during exercise,” while central fatigue is defined 
as “the failure to initiate and/or sustain attentional task (‘mental 
fatigue’) and physical activities (‘physical fatigue’) requiring self-
motivation (as opposed to external stimulation)” (Chaudhuri 
and Behan, 2000, p.  35). Peripheral fatigue is therefore based 
on a reduction in objective performance originating from peripheral 
factors such as failure of neuromuscular transmission, metabolic 
defects of the muscles, or a peripheral circulatory failure 
(Chaudhuri and Behan, 2000). Central fatigue on the other hand, 
results from changes in the central nervous system (CNS), and 
it is characterized by different dimensions, as previously described 
(Chaudhuri and Behan, 2000). Those dimensions can then refer 
to both an objective and a subjective aspect (e.g., objective 
central mental fatigue would be  a reduced performance in 
cognitive tasks, while subjective central mental fatigue would 
be  the subjective feeling of having difficulties concentrating; 
Karshikoff et  al., 2017). While it is important to distinguish 
between a subjective and objective part of fatigue, since those 
two components are often not identical or even closely related 
(Penner and Paul, 2017), defining a concept on the base of its 
presumptive origin is problematic. This again relates to the 
neutrality and to the phenomenon-focus desiderata (Skau et  al., 
2021). In this case, the discovery of a biological mechanism 
underlying both central and peripheral fatigue would cause these 
definitions to lose their utility. Therefore, as with primary, 
secondary, and comorbid fatigue, we believe a descriptive approach 
would be  more helpful. Rather than, for instance, peripheral 
fatigue, which implies causality, fatigue comorbid with peripheral 
disorder would be  preferable.

Basing on these previous definitions and theoretical 
considerations, we  propose the following definition for sensation 
of fatigue: “X sensation of need for Y rest that is related to a 
task demand” (see Figure  1). X constitutes the reference time 
period (state, prolonged state, and trait), while Y refers to the 
domain in question such as motor, cognitive, social, emotional, 
motivational, and sexual. For example, in the cognitive domain 
of fatigue that refers to the sensation at this moment, the definition 
would be  as follows: “State sensation of need for cognitive rest 
that is related to a task demand.” Unlike the definition of Skau 
et  al. (2021), the idea of a mismatch between effort expended 
and actual performance is not present in our definition. This is 
because we  find its component (actual performance) does not 
allow to properly separate the sensations of fatigue from an 
objective criterion, and belong rather to the objective part of fatigue.

The sensation of fatigue has often been conceptualized as 
the opposite of sensation of energy, i.e., a sensation of a “lack 
of energy” suggesting that they are two ends of a single bipolar 
sensation (Fatigue: United  States national library of medicine; 
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2018). However, recent work indicated that they are better 
conceptualized as two separate but related constructs, with a 
different underlying neurobiology and therefore different 
predictors for each of the two states (Loy et  al., 2018; Boolani 
et al., 2019). Energy—not sensation of energy—has been defined 
by Loy et  al. (2018) as an individual’s potential to perform 
mental and physical activity, with synonyms that include “vigour,” 
“vitality,” “lively,” and “full of pep.” A sensation of energy would 
hence be  a sensation of one’s potential to perform mental and 
physical activity. We  think that the term “potential” is not 
precise enough to avoid multiple interpretations and propose 
the term “energy availability.” Finally, we think that this definition 
does not fulfil the previously mentioned broadness desideratum, 
since it contains only the mental and physical dimension, while 
other aspects such as social, emotional, motivational and sexual 
energy are not included. In addition, the reference time period 
such as state, prolonged state and trait are missing. Therefore, 
based on the definition of energy from Loy et  al. (2018), 
we  define sensation of energy as: “X sensation of Y energy 
availability related to a task demand.” Here, X can constitute 
the reference time period (state, prolonged state and trait) and 
Y a domain of interest such as motor, cognitive, social, emotional, 
motivational and sexual (see Figure  1). It is important to note 
that at the core of this definition there is energy availability, 
not the energy that is consumed. For example, a state of high 
arousal (e.g., due to a stressor) would be  characterized by a 
mobilization of energy resources and an increased energy 
consumption, but not necessarily by a sensation of 
energy availability.

Defining Sensations of Fatigability and 
Energizability
As mentioned is the previous section, fatigue is not only 
characterized by a subjective sensation, but also by an objective 
performance-based dimension. The latter is commonly referred 
to as fatigability (Skau et  al., 2021). Fatigability is related to 
a decrease in a performance criterion over time, which again 
can be  in different domains, such as cognitive or physical 
fatigability (Skau et  al., 2021).

The concept of the need for recovery has been introduced 
as well, initially consisting of the need to recuperate from 
work-induced fatigue (Jansen et al., 2002). This concept involves 
the intensity of work-induced fatigue, but also the time period 
required to return back to a normal level of functioning (Jansen 
et  al., 2002). Further studies should examine this concept of 
the perceived need for recovery, including measures of not 
only the time necessary to recuperate, but also the time at 
which a sensation of fatigue arises. This may better clarify 
the temporal components of fatigue, hence having not just 
state or trait, but also the speed through which a sensation 
of fatigue arise and dissipate. We  propose that these temporal 
components, such as the speed through which someone becomes 
fatigued or recuperates after an effort constitute their own 
dimensions, separate from the sensation of fatigue. Here, to 
define these time-dependent sensations, we  introduce two new 
concepts: a subjective component of fatigability, and the concept 
of energizability (see Figure 2). As mentioned, objective fatigability 
is related to a decrease in a performance criterion over time 
(Skau et  al., 2021). Similarly, we  propose that the increase in 

FIGURE 1 | Visualization of the definition of fatigue and energy sensations. The X-axis contains the state (in this moment), prolonged state (general tendency within 
a defined time period), and trait (an overall disposition) dimensions. The Y-axis contains the possible domains of sensations of fatigue or energy.
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sensation of fatigue per time unit while engaging in a defined 
task demand is a measure of subjective fatigability. Next, 
we propose energizability as a measure of individual differences 
concerning the time necessary to return to a baseline level of 
functioning. This dimension can be  differentiated in subjective 
and objective energizability. Objective energizability is the time 
necessary to return to the baseline of a measurable performance 
criteria, while subjective energizability is the time necessary to 
reach a baseline sensation of energy (see Figure  2 for an 
illustration of these new concepts).

ENERGY AND FATIGUE SENSATION: 
TWO SEPARATE CONSTRUCTS OR 
TWO ENDS OF ONE DIMENSION?

In disease-related research numerous different fatigue 
questionnaires are used, most of which assess fatigue with a 
multidimensional approach, but few include both energy and 
fatigue as distinct subscale (Hjollund et  al., 2007). Among the 
most common fatigue measures, only the profile of mood states 
(POMS; Heuchert and McNair, 2012) has enough indicators 
of energy and fatigue for factor analysis, with eight vigour 
items in the 65-item original form and five in the 30-item 
short form, and seven fatigue items in the original form and 

five in the short form (Loy et  al., 2018). Supporting the idea 
that sensations of fatigue and energy (vigour, in this case) are 
different constructs, exploratory and confirmatory factor analyses 
have found the vigour and fatigue subscales to be  independent 
(Boyle, 1987; Gibson, 1997; Heuchert and McNair, 2012). 
Furthermore, when looking at the commonly used measure 
Profile of Mood States-Adolescents (POMS-A; Terry et  al., 
1999), there is a positive significant correlation between the 
PANAS positive affects scale (Watson et  al., 1988) and the 
vigour subscale. The PANAS is a self-report measure of mood 
that contains two 10-items scales, the Positive and Negative 
Affect scale (Watson et al., 1988). However, there is no significant 
correlation between positive affect and fatigue, while the PANAS 
negative affects scale significantly correlates with the fatigue 
subscale, but not with the vigour subscale (Terry et  al., 2003). 
The MFSI (Stein et  al., 1998) and its short form, the MFSI-SF 
(Stein et  al., 2004), has a vigour subscale as well. However, 
this subscale includes not only items measuring sensations of 
energy (e.g., “I feel energetic”), but also items such as “I feel 
calm,” and “I feel relaxed” (Stein et  al., 1998). These findings 
indicate that, when assessing both sensations of energy and 
fatigue with a sufficient number of appropriate items, they 
appear to be  best described as two separate constructs. In 
addition, sensations of energy were found to be  related with 
positive affect, while sensations of fatigue with negative affect.

FIGURE 2 | The change over time of fatigue and energy sensations, and of objective energy levels following a cognitive/physical/emotional demand. The black solid 
line corresponds to the subjective changes over time, while the green dotted line to the objective changes over time. To calculate the changes in objective performance, 
an assessment is done at the time points where the dashed blue lines are. Note that the subjective changes may not always reflect the objective changes in energy 
levels, as is evidenced by the slightly courses of the black and green lines. FA, fatigability; EA, energizability; OPA, objective performance assessment; and t, time.
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Predictors of Sensation of Energy and 
Fatigue Are Overlapping but Different
In a cross-sectional study of 77 graduate health sciences students 
(Boolani et  al., 2019), sensation of energy (termed also feelings 
of energy) were found to be  predicted by higher sleep quality, 
higher muscle oxygen saturation, lower resting metabolic rate, 
and cognitive function. Sensation of fatigue (termed also feelings 
of fatigue) were predicted by sleep quality as well, but the 
other predictors differed: these consisted of more time spent 
sitting and perceived mental workload on non-school days. 
Predictors of fatigue accounted for 46.1% of the variance in 
fatigue, while energy predictors accounted for 22.7% of the 
variance in feelings of energy (Boolani et al., 2019). The authors 
suggest that these results support the view that these two 
sensations, while having overlapping aspects, are better 
conceptualized as separate constructs. However, more research 
is needed to confirm this, possibly including longitudinal 
measures, and further biomarkers of energy metabolism such 
as mitochondrial function, as also proposed by Boolani 
et  al. (2019).

It has been proposed that sensation of energy evolved as 
part of an approach-oriented system (e.g., hunting, finding a 
sexual partner), with dopamine and norepinephrine playing a 
role in its regulation (Loy et  al., 2018). On the other hand, 
sensations of fatigue might have been part of an avoidance-
oriented system that served the purpose of promoting rest 
and recovery from injuries or illnesses. This system is proposed 
to be  linked with serotonin, histamine, and the levels of 
inflammatory cytokines (Loy et  al., 2018). For instance, the 
reuptake inhibitor D-amphetamine was found to increase feelings 
of energy, but did not have a significant effect on feelings of 
fatigue (measured using the POMS questionnaire; Lott et  al., 
2005). Methylphenidate, in the context of treating cancer fatigue, 
showed inconsistent results, as evidenced by the meta-analysis 
of Gong et  al. (2014): it was found to improve scores of the 
Functional Assessment of Cancer Therapy-Fatigue (Cella et  al., 
1993), but did not significantly improve fatigue as measured 
by the Brief Fatigue Inventory (Mendoza et  al., 1999). This 
could at least in part be explained, as Loy et al. (2018) suggest, 
by the fact that this dopaminergic drug would lead to increases 
in sensation of energy rather than decreases in sensations of 
fatigue. This was shown by the improvement on the Functional 
Assessment of Cancer Therapy-Fatigue scores, which contains 
items measuring energy sensation. No difference was found 
on the Brief Fatigue Inventory which may be  due to the items 
that only assess sensation of fatigue.

Supporting this view, Loy et  al. (2018) also presents studies 
(i) on the effects of caffeine, whose administration increased 
sensations of energy but not of fatigue (Amendola et al., 1998), 
or increased sensations of energy more than those of fatigue 
(Maridakis et  al., 2009a,b), (ii) on genetic polymorphisms in 
the dopamine receptor gene DRD4, which is related to a 
decrease in energy with mental work but not fatigue (Lim 
et  al., 2012), and (iii) on catecholamines depletion using 
α-methyl-para-tyrosine (AMPT; Verhoeff et  al., 2003). Here, 
sensations of energy measured through the continuous visual 
analog scale (VAS; Bond and Lader, 1974) and POMS subscale 

Vigour decreased following AMPT administration, but sensations 
of fatigue (assessed on the POMS subscale Fatigue), increased 
as well, albeit to a lesser degree (Verhoeff et  al., 2003). This 
may indicate that, as mentioned previously, sensations of fatigue 
and energy are not entirely separate, but that dopamine and 
other catecholamines also play a role for sensation of fatigue. 
In fact, a dopamine imbalance has been proposed to 
be  responsible for the emergence of fatigue in MS and other 
neurological disorders (Dobryakova et al., 2015). Evidence from 
behavioural pharmacology in support of this hypothesis is 
mixed: methylphenidate, a dopamine agonist, was found to 
reduce fatigue in small studies with Parkinson’s and CFS patients 
(Blockmans et  al., 2006; Mendonça et  al., 2007), but not for 
MS patients (Cameron and McMillan, 2017). On the other 
hand, amantadine, another drug thought to improve fatigue 
through a dopaminergic mechanism (Brenner and Piehl, 2016; 
Tur, 2016), was found to have substantial effects on fatigue 
in MS (see Penner and Paul, 2017 for a review), even when 
measuring it using an instrument without energy items, like 
the Fatigue Severity Scale (FSS; Krupp, 1989).

Serotonin is thought to be  related especially to sensation 
of fatigue (Loy et  al., 2018). In support of this idea 
neuroimaging studies on MS (Hesse et  al., 2014) and CFS 
patients (Yamamoto et  al., 2004; Cleare et  al., 2005) suggest 
that altered serotonergic neurotransmission might contribute 
to fatigue. A PET-imaging study by Pavese et  al. (2010) on 
patients with Parkinson’s disease found significant differences 
in serotonin transmission between individuals with and 
without fatigue, but no differences in dopamine function. 
In line with these findings (i) variations in serotonin genes—
assumed to result in enhanced activity of the serotonergic 
system—were found in CFS patients (Smith et  al., 2008). 
(ii) Decreased blood serotonin in women in the premenstrual 
phase was linked to enhanced negative mood and to sensation 
of fatigue (Kikuchi et  al., 2010). (iii) Variations of serotonin 
levels were observed following changes in sun luminosity 
which might be  the cause of seasonal changes in fatigue 
(Harris and Dawson-Hughes, 1993; Lambert et  al., 2002).

Another neurotransmitter, which has been suggested to 
influence fatigue, is histamine (Loy et  al., 2018); with two 
small studies showing that altering histamine levels had an 
impact on the sensation of fatigue (Sasahara et  al., 2015; 
Loy and O’Connor, 2016). Vitamin D is also thought to 
play a role for fatigue: low levels of vitamin D have been 
found to be  associated with fatigue (Knutsen et  al., 2010), 
and its normalization has been shown to improve fatigue 
symptoms’ severity (Roy et al., 2014). In line with the assumed 
role of serotonin in fatigue, vitamin D contributed to maintain 
an optimal brain serotonin concentration (Sabir et  al., 2018; 
Wang et  al., 2020). It is widely accepted, that the complex 
phenomenon of fatigue cannot be  traced back to a single 
neurotransmitter, but rather to the interaction of multiple 
neurotransmitter systems (Meeusen et  al., 2006; Dobryakova 
et  al., 2015). For example, alterations of the endogenous 
opioidergic system as well as melatonin are also thought to 
play a role for CFS pathophysiology and hence might play 
a role in fatigue (Anderson and Maes, 2020).
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The Acquiescence Effect May Contribute 
to Differential Links With Predictors
Taken together, behavioural and biological predictors of sensations 
of energy and fatigue seem to differ indicating to two separate 
constructs. However, an important methodological issue to 
address in this debate concerns the acquiescence effect (Messick, 
1966). This refers to differences of participants in the general 
tendency to provide affirmative answers to the items of a 
questionnaire, regardless of the content of the questions (Hinz 
et  al., 2007). When a questionnaire contains items assessing 
both ends of a bipolar construct, such as positive and negative 
affectivity, the acquiescence effect can lead to the dimensions 
not being negatively correlated, but instead appearing as 
statistically independent from one another (Hinz et  al., 2007). 
This effect has already been observed in mood research, where 
the aforementioned positive and negative affectivity were found, 
contrary to expectations, to be independent (Watson and Clark, 
1997; Russell and Carroll, 1999). There is also evidence for 
this effect in the MFI (Hinz et  al., 2007). The acquiescence 
effect can be  avoided when items are presented in a bipolar 
way with verbal explanations at both ends of the scale, instead 
of presenting unipolar items. Unfortunately, the latter is the 
case in most fatigue questionnaires (e.g., MFSI, POMS), and 
might provide a confounding factor when trying to determine 
whether fatigue and energy are in fact two separate constructs.

ENERGY METABOLISM AND ITS 
REGULATORS

In this section we  shortly illustrate mitochondrial function, 
which is at the basis of energy production for the organism, 
and its assessment methods. We  then present important 
regulators of the energy metabolism, such as hormones, the 
hypothalamus, the autonomic nervous system, or brain derived 
neurotrophic factor.

Mitochondria and Their Assessment: A 
Brief Overview
Energy metabolism, and mitochondrial function in particular, 
are at the basis of the structure and function of the human 
body, powering growth, healing, and the processes necessary 
to adapt to the changing external environment, such as stress 
adaptation, or allostasis (Picard et  al., 2018).

In living organisms, energy is present as heat, and as chemical 
energy such as adenosine triphosphate (ATP; Picard et  al., 
2018). Briefly illustrated, energy production in the body can 
happen in the mitochondria in two different ways, aerobic 
and anaerobic respiration. Glucose, the main energy source 
for cellular metabolism, is catabolized in three subsequent 
processes to produce ATP. The first process is glycolysis, where 
glucose is converted into pyruvate, and a low amount of ATP 
is produced (Bonora et  al., 2012). Then, pyruvate is converted 
to acetyl coenzyme A, which enters the tricarboxylic acid cycle 
(TCA) or Krebs cycle. This results in the production of NADH 
and FADH2, which are used during the last process, oxidative 

phosphorylation (Bonora et  al., 2012). Here, electrons carried 
by NADH and FADH2 are passed across the electron transport 
chain (ETC), where O2 serves as the final electron acceptor, 
to pump protons out of the inner mitochondrial membrane 
(Mavioglu et al., 2021). The resulting proton gradient is necessary 
to synthesize large amounts of ATP by mitochondrial ATP 
synthase (Bonora et  al., 2012). An adequate supply of O2 is 
therefore crucial for oxidative phosphorylation (Mavioglu et al., 
2021). In anaerobic respiration, glucose is converted to pyruvate 
during glycolysis. Pyruvate is reduced to lactate during a process 
called lactic fermentation, and the final quantity of ATP 
produced is lower than that produced during aerobic respiration 
(Bonora et  al., 2012).

Mitochondria are not only responsible for ATP production, 
but also for cellular thermogenesis (Picard et  al., 2018). In 
fact, some patients with mitochondrial disease appear to have 
problems with regulating body temperature, and to exhibit 
persistently lower brain temperature (Rango et  al., 2014). Part 
of the heat generated by mitochondria is released during the 
process of converting foods to utilizable energy, and from 
energy mechanical work (Galgani and Ravussin, 2011). Through 
the process of mitochondrial uncoupling, chemical reactions 
in the mitochondrial matrix become uncoupled from ATP 
synthesis and release heat, thus increasing core body temperature 
(Chouchani et  al., 2016). This process occurs mostly in brown 
adipose tissue (BAT) and was known to be  the main process 
contributing to thermoregulation in infants and small mammals 
(Cannon and Nedergaard, 2004). Brown fat was more recently 
discovered in adult humans as well, even though it decreases 
with age, spurring new interest in the possibility of its central 
role for obesity and diabetes (Nedergaard and Cannon, 2010; 
Halpern et  al., 2014).

Mitochondrial function can be  characterized by in vitro 
and in vivo approaches. State of the art approaches analyse 
(1) maximal ATP synthesis, (2) maximal oxygen consumption, 
(3) mitochondrial coupling, and (4) protein synthesis rates 
(Lanza and Nair, 2010). High-resolution respirometry is an 
emerging in vitro methodology, which allows to measure the 
amount of oxygen consumed for a given amount of ATP 
synthesized by the mitochondria, thus providing an assessment 
of the efficiency of oxidative phosphorylation (Lanza and Nair, 
2010). Near infrared and magnetic resonance spectroscopy 
(NIRS, MRS), which are becoming more accessible and allow 
for non-invasive in vivo measures, can provide an assessment 
of both maximal mitochondrial oxygen consumption and 
maximal ATP synthesis capacity (Lanza and Nair, 2010).

The basal metabolic rate (BMR) consists of the total energy 
necessary to maintain the bodily processes necessary for life 
at homoeothermic temperature at rest and with the digestive 
system inactive (Galgani and Ravussin, 2011). Examples of 
such processes include maintaining gradient concentrations 
between cellular compartments, muscle tone, protein synthesis 
and degradation, and RNA and DNA turnover (Galgani and 
Ravussin, 2011). While measuring the BMR requires very 
specific conditions, the resting metabolic rate (RMR) is more 
easily accessible (Galgani and Ravussin, 2011). The BMR can 
be  accelerated by physical activity or stimulation of metabolic 
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processes, therefore resulting in an increased heat production 
(McAninch and Bianco, 2014).

Regulators of Energy Metabolism
Energy metabolism is regulated, among other factors, by the 
autonomic nervous system (ANS), thyroid hormones (TH), 
and the hypothalamus (Kalsbeek et  al., 2010; McAninch and 
Bianco, 2014). For instance, following environmental stimuli 
such as food or temperature, or hormonal stimuli such as 
leptin, the hypothalamus modulates the sympathetic output 
and secretion of TH, which in turn can regulate energy 
metabolism by affecting different organ systems (McAninch 
and Bianco, 2014). TH and sympathetic activity modulate 
blood pressure and heart rate, glucose homeostasis, endogenous 
glucose production in the liver, and thermogenesis in the 
aforementioned BAT (McAninch and Bianco, 2014). The 
thyroid hormone T3 can even induce mitochondrial biogenesis 
(Lee et  al., 2012). An example of hypothalamic control of 
energy metabolism is the circadian regulation of glucose 
metabolism: the daily rhythms of plasma glucose concentrations, 
glucose uptake, and insulin sensitivity are regulated by 
the hypothalamic biological clock (suprachiasmatic nuclei), 
which has projections in both the neuroendocrine and 
pre-autonomic hypothalamic neurons (Kalsbeek et  al., 2010). 
The importance of the ANS for the energy metabolism can 
also be evidenced by the fact that its dysregulation can predict 
the metabolic abnormalities seen in the metabolic syndrome, 
such as increases in blood pressure and decreases in HDL 
cholesterol (Licht et  al., 2013). Analogously, abnormalities 
in TH levels strongly affect metabolism: severe hypothyroidism 
can reduce the total body energy expenditure by as much 
as 50% (Oppenheimer et  al., 1987).

Not just TH regulate energy metabolism, other hormones 
include insulin, glucagon, somatostatin, catecholamines such 
as epinephrine, glucocorticoids such as cortisol, ACTH, growth 
hormone, sex steroids such as estrogens (Barth et  al., 2007; 
López and Tena-Sempere, 2015; Qaid and Abdelrahman, 2016; 
Picard et  al., 2018), and the aforementioned leptin. Notably, 
the synthesis of all steroid hormones takes place in the 
mitochondria, and, reciprocally, glucocorticoids and other steroid 
hormones can influence mitochondrial function (Picard et  al., 
2018). Another important regulator of energy metabolism is 
brain-derived neurotrophic factor (BDNF). In the hypothalamus, 
BDNF can inhibit food intake and regulate peripheral energy 
metabolism (Rothman et  al., 2012). Furthermore, BDNF play 
an essential role for the development of the ANS, especially 
for the formation of synaptic connectivity with the periphery, 
but also for the ANS control of cardiovascular functions, 
regulating parasympathetic and/or sympathetic inputs to the 
heart (Rothman et  al., 2012). Finally, BDNFs mediate the 
positive effects of exercise and dietary energy restriction on 
cognitive functions, synaptic plasticity, neurogenesis, antioxidant 
production, mitochondrial biogenesis, enhanced cellular energy 
metabolism, and DNA repair (Rothman et  al., 2012). While 
the hypothalamus and the brainstem have a central role in 
the control of energy metabolism (Roh and Kim, 2016), the 
amygdala has been proposed to be  a complementary circuit 

for the control of energy balance, especially in an interplay 
with sex hormones (Pineda et  al., 2021).

THE LINK BETWEEN FATIGUE AND 
ENERGY METABOLISM

In the following, we  will review the link between fatigue—as 
the most investigated energy-related sensation—and different 
components of energy metabolism. These components include 
(i) mitochondrial bioenergetics, (ii) oxygen, that are both directly 
involved in ATP synthesis, (iii) the ANS as a main regulator 
of energy metabolism, and (iv) inflammation which is 
bi-directionally related with mitochondrial bioenergetics.

Role of Mitochondrial Bioenergetics for 
Fatigue
In this section we  review evidence concerning fatigue as a 
correlate of mitochondrial bioenergetics. This link can be  seen 
in the case of mitochondrial diseases, where fatigue is a core 
symptom (Filler et  al., 2014; Parikh et  al., 2019). Fatigue is 
also strongly related to mitochondrial bioenergetics (Karabatsiakis 
et  al., 2014; Brand et  al., 2020). In studies on primary genetic 
mitochondrial diseases, fatigue was reported by up to 100% 
of patients (Parikh et  al., 2019). Mitochondrial dysfunction 
can be of primary origin, resulting from inherited mitochondrial 
DNA (mtDNA) mutations, or from mutation of nuclear (nDNA) 
genomes, since nDNA encodes respiratory chain subunits and 
all the proteins responsible for mtDNA maintenance, 
transcription, and copy number control of the mitochondrial 
genome (Cohen and Gold, 2001; Rusecka et  al., 2018). 
Mitochondrial dysfunctions can also be  of secondary origin, 
as the results of external factors such as environmental and 
pharmacological toxins damaging the mtDNA (Cohen and 
Gold, 2001). For CFS, a study showed that all patients examined 
suffered from measurable mitochondrial dysfunctions (Booth 
et  al., 2012). Several markers of mitochondrial function that 
might have an association with fatigue have been identified, 
including mitochondria structure, mitochondrial function, 
mitochondrial energy metabolism, and immune response (see 
Filler et  al., 2014 for a review).

Mitochondrial Structure
The earliest evidence of structural changes in mitochondria 
structure comes from a study on CFS patients by Behan et  al. 
(1991), where branching and fusion of cristae within skeletal 
muscle cells’ mitochondria were observed, plus variable shape 
and size. Branching of cristae and mitochondrial hypertrophy 
were found in a subsequent study by Behan et  al. (1995). 
Condensation of cristae were also found by Lawson et  al. 
(2016), but no differences in shape and size of mitochondria 
in peripheral blood mononuclear cells. The conclusion from 
Lawson et al. (2016) and Behan et al. (1991), was that increased 
energy demands in CFS caused this branching of cristae. Other 
studies investigating the relationship between fatigue and 
mitochondrial number, shape and/or size found no significant 
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differences in shape and size of mitochondria in CFS patients, 
in contrast to controls (Edwards et  al., 1993; Plioplys and 
Plioplys, 1995a; Behan et  al., 1999).

Mitochondrial Function
Studies on mitochondrial functions have covered different 
aspects. The first is mitochondrial enzymes, with Coenzyme 
Q10 (CoQ10) being one of the most studied. It is an important 
antioxidant in mitochondria and has been shown to restore 
respiration (James et  al., 2005; Wood et  al., 2021). Genetic 
disorders that result in lowered levels of CoQ10 lead to severe 
debilitating symptoms and some forms of mitochondrial disease 
(Emmanuele et al., 2012; Rodríguez-Aguilera et al., 2017; Stefely 
and Pagliarini, 2017). Different studies have demonstrated that 
plasma levels of CoQ10 are lower in CFS patients in comparison 
to healthy controls (Kurup and Kurup, 2003a,b; Maes et  al., 
2009a,b; Castro-Marrero et  al., 2013), as well as in depressed 
patients with CFS (Maes et al., 2009a,b). Finally, CoQ10 plasma 
levels show an inverse relationship with CFS severity scores 
(Maes et  al., 2009a). Studies on CoQ10 supplementation for 
fatigue provide contrasting results (Mehrabani et  al., 2019; 
Wood et  al., 2021). This might be  explained by the low 
bioavailability of CoQ10 due to its low water solubility and 
high molecular mass, plus the fact that the extent to which 
CoQ10 enters cells is still unknown (Wood et  al., 2021).

Studies comparing other mitochondrial enzymes in CFS 
patients against healthy controls have showed conflicting results: 
two studies found a significant reduction in citrate synthase, 
a crucial enzyme in the citric acid cycle, in muscle biopsy 
samples (McArdle et  al., 1996; Smits et  al., 2011). McArdle 
et  al. (1996) found a reduction in succinate reductase and 
cytochrome-c oxidase, two of the four mitochondrial 
transmembrane enzyme complexes of the electron transport 
chain (Tymoczko et  al., 2011), while another study did not 
find a significant difference in cytochrome-c oxidase and 
myoadenylate deaminase (MAD; Edwards et  al., 1993).

Oxidative stress consists of the imbalance between the 
production of reactive oxygen species (ROS) and antioxidant 
defences, resulting in increased amounts of free radicals 
(Betteridge, 2000; Wood et al., 2021). Oxidative stress is involved 
in the aging process and several pathological conditions including 
cardiovascular diseases, neurodegenerative diseases, and cancer 
(Liguori et  al., 2018). Mitochondria are a major producer of 
ROS and are in turn very susceptible to damage from oxidative 
stress. This said, they possess also a sophisticated defence 
system against ROS consisting of many enzymes and coenzymes 
such as vitamin E, the aforementioned CoQ10, and cytochrome-c 
plus cytochrome-c oxidase (Starkov, 2008; Wood et  al., 2021). 
Damages and dysfunctions in this removal system, such as 
low levels of a ROS-removing enzyme, cause ROS levels to 
increase (Starkov, 2008; Wood et  al., 2021). High oxidative 
stress has been found in CFS patients in comparison to healthy 
controls (Kurup and Kurup, 2003a,b). CFS patients showed 
increased levels of ROS, decreased levels of antioxidants in 
the plasma, serum and in mitochondria (Kurup and Kurup, 
2003a,b; Castro-Marrero et  al., 2013), increased markers of 
oxidative damage, and increased indicator of oxidative stress 

including decreased hypoxanthine in blood and increased 
allantoin in urine (Armstrong et al., 2015). Other studies found 
increased markers of oxidative stress at baseline and after 
physical exercise in CFS patients with a history of high-level 
sport practice and/or severe infection (Jammes et  al., 2012). 
In addition, CFS patients who relapsed in comparison to those 
who were in remission showed increased levels of oxidative 
stress (measured through serum vitamin E concentration; Miwa 
and Fujita, 2010). Markers of oxidative stress were also associated 
with symptom severity of CFS (Richards et  al., 2000). Lastly, 
when comparing fatigued systemic lupus erythematosus (SLE) 
patients with non-fatigued SLE patients, Segal et  al. (2012) 
found higher levels of plasma F2-isoprostane, an in vivo measure 
of oxidative stress.

Mitochondrial Energy Metabolism
Dysfunctions in mitochondrial energy metabolism were found 
in CFS patients when using the ATP profile test, indicating 
that ATP production was impaired (Myhill et  al., 2009; Booth 
et al., 2012). In addition, with increasing mitochondrial function, 
symptoms of fatigue decreased (Myhill et  al., 2009). A study 
investigating mitochondrial respiration in the peripheral blood 
mononuclear cells of major depression patients against controls 
showed that mitochondrial respiration is significantly reduced 
in acutely depressed individuals, with a significantly lower 
routine respiration, maximal uncoupled respiration, spare 
respiratory capacity, and ATP-turnover-related respiration 
(Karabatsiakis et al., 2014). Mitochondrial respiration was shown 
to negatively correlate with depressive symptom severity, including 
loss of energy and fatigue, measured through the respective 
BDI-II subscales (Karabatsiakis et  al., 2014). Similarly, Booth 
et  al. (2012), concluded in a study with 138 CFS patients 
using the ATP profile test, that the major immediate causes 
of mitochondrial dysfunction are: (i) lack of essential substrates 
and (ii) partial blocking of the translocator protein sites and/
or oxidative phosphorylation and the reactions leading up to it.

Tomas et  al. (2017) found that CFS patients had lower 
measures of oxidative phosphorylation in peripheral blood 
mononuclear cells in comparison to controls, including lower 
reserve capacity and lower maximal respiration. As the authors 
suggest, this indicates that CFS patients are not capable of 
the same levels of respiration as healthy subjects in a situation 
of cellular stress, so in the event of increased energy demands 
such as physical exercise or acute stress, CFS patients are 
unable to increase their respiration rate and fulfil those demands 
(Tomas et  al., 2017). Missailidis et  al. (2020) also suggested 
that mitochondria are unable to increase energy from baseline 
to meet heightened energy demands.

Despite these results showing CFS patients suffering from 
impaired energy production, three studies examining aerobic 
respiration and respiratory chain complex activity found no 
differences between CFS patients and controls (Behan et  al., 
1999; Vermeulen et  al., 2010; Smits et  al., 2011). Lawson et  al. 
(2016) and Tomas et  al. (2019), again in the context of CFS 
against healthy controls, found no differences in complexes of 
the electron transport chain. They therefore suggested that 
dysfunctions might then be due to external stimuli, a pathological 
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mechanism by which more ATP is produced by 
non-mitochondrial sources such as glycolysis (Lawson et  al., 
2016), or other causes upstream of the mitochondrial respiratory 
chain (Tomas et  al., 2019), for example, oxidative damage 
(Morris and Maes, 2014).

Another aspect of mitochondrial energy metabolism, fatty 
acid metabolism, has been investigated by examining carnitine 
levels in CFS and MS patients (Filler et  al., 2014). Different 
studies showed that dysfunctional carnitine levels were present 
in these conditions, but the specific dysfunctions were 
heterogeneous: lower acylcarnitine serum levels were present 
in CFS patients compared to healthy controls in two studies 
(Kuratsune et  al., 1994; Plioplys and Plioplys, 1995b), as well 
as lower serum levels of total carnitine (Plioplys and Plioplys, 
1995b). Meanwhile, other studies found no differences in these 
indicators for CFS (Soetekouw, 2000; Reuter and Evans, 2011) 
and MS patients (Fukazawa et  al., 1996) in comparison to 
healthy controls. While not finding differences in the l-carnitine, 
total carnitine, or total acylcarnitine plasma levels of CFS 
patients and controls, Reuter and Evans (2011) found six 
acylcarnitine subtypes were significantly lower and two other 
subtypes were significantly higher in the plasma levels of CFS 
patients. Regarding the relation with fatigue symptoms, higher 
acylcarnitine levels are negatively correlated with CFS symptoms 
(Kuratsune et  al., 1994; Plioplys and Plioplys, 1995b), while 
this relationship was not found for free l-carnitine serum levels 
in the study of Kuratsune et  al. (1994). Another study found 
that higher free and total carnitine serum levels were associated 
with lower fatigue severity (Plioplys and Plioplys, 1995b). Lastly, 
a meta-analysis study on carnitine supplementation as a treatment 
for cancer related fatigue did not found it to be  effective in 
reducing fatigue (Marx et al., 2017). Notably, only three studies 
were included in the quantitative meta-analysis, many others 
were non-randomized, open-label or presented other risks of 
bias (Marx et  al., 2017).

Autoimmune Response to Mitochondria
A dysfunctional, autoimmune response to mitochondria has 
been hypothesized to cause chronic fatigue (Hokama et  al., 
2008, 2009). Prior or ongoing infections such as the Epstein–
Barr virus (EBV) have previously been associated with CFS 
pathoetiology and/or pathophysiology, with the viruses driving 
and/or interacting with dysregulated immune responses and 
significantly modulating mitochondrial function (Anderson and 
Maes, 2020). In fact, hijacking the host mitochondria is a 
fundamental aspect that allows the survival and replication of 
most viruses (Anderson and Maes, 2020).

The damage or stimulation of the mitochondria through 
viral infection is thought to result in the release of phospholipids, 
which would then induce the production of an autoimmune 
antibody (antiphospholipids; Hokama et al., 2008). Corroborating 
this hypothesis, it has been shown that the serum of CFS 
patients contained such antibodies (Hokama et al., 2008, 2009). 
Another study found that a significant proportion of CFS 
patients were producing EBV antibodies, and their levels 
negatively correlated with CFS symptoms (Williams et al., 2019). 
Preliminary evidence from Vernon et  al. (2006) showed that 

people who developed post-infective fatigue after EBV infection 
presented gene expression profiles different than those of people 
who recovered without complications. Several of the differentially 
expressed genes affected different aspects of mitochondrial 
function (Vernon et  al., 2006).

Role of Oxygen for Fatigue
As described in the Energy and Fatigue Sensation: Two Separate 
Constructs or Two Ends of One Dimension? section, oxygen 
plays a crucial role for oxidative phosphorylation. Reduced 
oxygen delivery should lead to a decreased oxidative metabolism 
and fatigue. Blunted O2 delivery exacerbates muscular fatigue, 
while conditions of hyperoxia attenuate the rate at which fatigue 
develops (Amann and Calbet, 2008). Insufficient oxygen delivery, 
resulting from modifications in arterial O2 content, blood flow, 
or both, is thought to affect both fatigue at the level of the 
CNS and of the working muscles (Amann and Calbet, 2008). 
In the case of CFS, reduced oxygen delivery to muscles and 
reduced oxygen extraction by muscle cells in comparison to 
controls have been observed (Mccully and Natelson, 1999; 
Vermeulen and Vermeulen van Eck, 2014). A meta-analysis 
showed that CFS patients present a substantially reduced VO2peak 
in comparison to apparently healthy controls (Franklin et  al., 
2019). The role of oxygen has been highlighted not only in 
the case of CFS, but also for the development of major depressive 
disorder (MDD; Mavioglu et al., 2021). Reduced mitochondrial 
energy production has been observed in MDD patients (Baxter, 
1989; Videbech, 2000; Hroudová et  al., 2013; Karabatsiakis 
et  al., 2014), and alterations in mitochondrial function and 
biogenesis are critical factors for the pathophysiology of MDD 
(Klinedinst and Regenold, 2015; Bansal and Kuhad, 2016; Allen 
et  al., 2018, 2021). Alterations in O2 transport caused by 
inflammation and oxidative stress might lead to an hypoxic 
response, thus explaining these changes in energy metabolism 
(Mavioglu et  al., 2021). This impairment in the functionality 
of depressed patients’ cells can lead to the characteristic symptoms 
of this disorder, such as fatigue, lack of energy, concentration, 
memory, and emotion regulation problems, and dysregulated 
inflammatory process (Gardner, 2003; Moretti et  al., 2003; 
Karabatsiakis et  al., 2014; Firth et  al., 2018). Furthermore, 
oxygen is a substrate not only for ATP, but also for serotonin 
production (Østergaard et  al., 2018). Serotonin depletion is 
thought to play an important role for depression (van Praag, 
2004) and, as previously presented, for fatigue as well (Meeusen 
et  al., 2006; Loy et  al., 2018). Both CFS and MDD may thus 
be  conceptualized as conditions characterized by a state of 
reduced oxygen and ATP availability, which would lead to the 
development of their characteristic symptoms such as fatigue.

Role of the ANS for Fatigue
Acute, sub-acute, and chronic fatigue are characterized by 
changes in autonomic function (Tanaka et  al., 2015). ANS 
can be  measured using heart-rate variability (HRV), whereby 
low-frequency (LF) variability is considered to indicate 
sympathetic nervous system activity, while high-frequency 
(HF) variability is vagally mediated (Akselrod et  al., 1981; 
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Tanaka et  al., 2015). When acute or sub-acute fatigue are 
induced in healthy individuals, increased sympathetic nerve 
activity, and decreased parasympathetic nerve activity can 
be observed and correlated with subjective measures of fatigue 
(Tanaka et  al., 2009, 2011; Mizuno et  al., 2011). Sympathetic 
hyperactivity based on decreased parasympathetic nerve activity 
has been reported in CFS patients as well (see Tanaka et  al., 
2015 for a review). Suppressed parasympathetic activity, reflected 
by HRV, has been observed during deep sleep in CFS patients 
in comparison to controls, and was associated with poorer 
sleep quality and self-reported well-being (Fatt et  al., 2020). 
Dysfunctions in autonomic cardiac regulation in CFS patients 
in comparison to healthy controls have been shown in the 
meta-analysis of Nelson et al. (2019): CFS patients were found 
to have higher resting heart rate, higher heart rate response 
to hear-up tilt test, higher orthostatic heart-rate response, 
higher LF/HF ratio, lower maximal heart rate, lower heart 
rate at submaximal exercise threshold, lower high-frequency 
power of HRV, and lower root-mean-square difference of 
successive normal R-R intervals from time-domain analysis 
(RMSSD; both of the latter two parameters represent primarily 
parasympathetic cardiac modulation). These differences, the 
authors conclude, suggest reduced vagal and increased 
sympathetic modulation of heart rate (Nelson et  al., 2019). 
Autonomic alterations are frequent also in MS patients (de 
Seze et  al., 2001; Kodounis et  al., 2005; Merkelbach et  al., 
2006), and have been shown to be  an independent predictor 
of MS-related fatigue (Krbot Skorić et al., 2019), even though 
a study on newly diagnosed MS patients found very mild 
differences in autonomic responses to stress in comparison 
to healthy controls, suggesting it might be  connected with 
disease progression (Vlcek et  al., 2018).

During tasks eliciting acute mental fatigue, changes in 
activation in the prefrontal cortex (PFC) and anterior cingulate 
cortex (ACC) are observed over loading time (Caseras et  al., 
2008; Mizuno et  al., 2012; Tanaka et  al., 2015; Wang et  al., 
2016). The PFC and ACC are also part of the network controlling 
the sympathetic-vagal balance (Loewy, 1990; Benarroch, 1993), 
with the PFC inhibiting sympathoexcitatory subcortical threat 
circuits (Amat et  al., 2005; Thayer, 2006). Therefore, Tanaka 
et  al. (2015) suggest that changes in these regions following 
acute mental fatigue may hinder the capacity of controlling 
the sympathoexcitatory response, which might explain the 
changes in autonomic function presented previously. CFS patients 
exhibit lower PFC activity during fatigue-inducing tasks (Caseras 
et  al., 2008), impaired prefrontal cerebral oxygenation during 
physical exercise (Patrick Neary et  al., 2008), and reduced 
bilateral grey matter volume (GMV) in the PFC (Okada et  al., 
2004). However, a more recent study found reduced GMV in 
CFS patients to be  associated with increased pain rather than 
fatigue, not allowing a reliable association between CFS and 
reduced GMV (van der Schaaf et al., 2017). The PFC is thought 
to play an important role for fatigue in MS as well. Fatigue 
in MS patients has been associated with lesions in the frontal 
and parietotemporal white matter, grey matter atrophy in frontal 
regions (Sepulcre et  al., 2009), reduced white matter integrity 
in various frontal networks (Pardini et  al., 2010), alterations 

in functional integration between frontal cortex and subcortical 
structures such as basal ganglia and thalamus (Roelcke et  al., 
1997; Filippi et al., 2002; Derache et al., 2013), and connectivity 
alterations between cortical (PFC and cingulate cortex) and 
subcortical structures (basal ganglia, thalamus; Finke et  al., 
2015; Pravatà et  al., 2016). It could be  speculated that these 
alterations in the frontal regions might lead to a constant 
imbalance in autonomic function, with difficulties in inhibiting 
the sympathetic drive.

Role of Inflammation for Fatigue
Here we  will present evidence coming from clinical studies 
linking inflammation and the development of fatigue, followed 
by a section on possible mechanisms of action through which 
inflammation may lead to fatigue.

The Association Between Inflammation and 
Fatigue: Evidence From Physical and Mental 
Conditions
A third central contributor to the feelings of fatigue is thought 
to be  inflammation (Karshikoff et  al., 2017). Evidence that 
inflammation plays a role in the development of pathological 
fatigue has been found in different clinical populations such 
as cancer patients (Schubert et  al., 2007; Bower and Lamkin, 
2013). Increased concentrations of inflammatory markers such 
as C-reactive protein (CRP) and interleukin (IL-6) during cancer 
treatment were related to the development of feelings of fatigue 
(Bower et  al., 2009; Liu et  al., 2012; Xiao et  al., 2016). Even 
after the illness, increased CRP levels have been found to 
correlate with overall levels of fatigue (Bower et  al., 2002; 
Collado-Hidalgo et  al., 2006; Orre et  al., 2011; Zick et  al., 
2014). Other studies assessing fatigue multidimensionally found 
that inflammation in cancer patients and survivors appears to 
be  associated with physical fatigue in particular, and less with 
mental fatigue (Inagaki et  al., 2008; Alfano et  al., 2012; de 
Raaf et al., 2012). In CFS, an altered immune system is thought 
to play a central role for the pathophysiology of this disease 
(Karshikoff et  al., 2017). Evidence shows that, in comparison 
to healthy controls, production of pro-inflammatory cytokines 
and CRP in CFS patients is increased both at baseline and 
after immune stimulation (Chao et  al., 1991; Patarca et  al., 
1994; Buchwald et  al., 1997; Moss et  al., 1999; Fletcher et  al., 
2009; Raison et al., 2009). However, not just pro-inflammatory, 
but also anti-inflammatory cytokines have been found to 
be increased in the cerebrospinal fluid in CFS patients (Peterson 
et  al., 2015). This suggests the presence of a mixed immune 
response, arising from the interaction of an immune-
inflammatory response system and a compensatory response 
system (Anderson and Maes, 2020). Variations between these 
two systems might explain the pathophysiological heterogeneity 
of CFS (Anderson and Maes, 2020). In other clinical conditions, 
inflammation has been associated with different facets of fatigue. 
For instance, in the case of type 2 diabetes, the systemic, 
low-grade inflammation that is present in this disorder was 
found to be  associated with lack of motivation and mental 
fatigue, but not with physical fatigue (Lasselin et  al., 2012). 
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Inflammation in MS related to both physical fatigue, mental 
fatigue, and sleepiness (Heesen, 2006). Inflammation, measured 
through CRP levels, has been found to be  associated with 
fatigue levels (Jokela et  al., 2016) and to be  predictive of the 
development of future fatigue in healthy subjects (Cho 
et  al., 2009).

Generally, a multidimensional assessment of fatigue is lacking; 
if implemented it might help clarify which neuronal and 
physiological processes influence which aspects of fatigue 
(Karshikoff et al., 2017). For instance, dopaminergic transmission 
is sensitive to inflammation, which might explain motivational 
changes in fatigue conditions (Dantzer et  al., 2014). Other 
studies have shown the depressive symptoms and adiposity to 
be better predictors of fatigue than inflammation markers (Lim 
et  al., 2005; Valentine et  al., 2011). However, both obesity and 
depression have been associated with elevated levels of 
inflammation (de Heredia et  al., 2012; Østergaard et  al., 2018), 
so it might be  interesting to try to further disentangle these 
associations, possibly analysing the contribution of the previously 
discussed mitochondrial activity to fatigue in these conditions. 
Furthermore, the lack of a significant association found in 
some studies (e.g., Lim et  al., 2005) might be  explained by 
the fact that circulating concentrations of cytokines were 
measured. This represents a limitation, since circulating levels 
of cytokines have little functional value, and for the most part 
represent spillover from the site of cytokine production and 
action (Dantzer et  al., 2014).

How Inflammation Might Affect Fatigue: 
Mechanisms of Action
When the immune system activates, cytokines are produced 
by the immune cells (Karshikoff et  al., 2017). Cytokines not 
only coordinate the immune response but can also signal 
to the brain about immune events (Dantzer et  al., 2014). 
They can do so via neuronal and humoral immune-brain 
communication pathways, with the former involving the 
activation of the vagus nerve at the periphery, which then 
modulates the brain targets of vagal afferents (Konsman et al., 
2002). The slower humoral pathway involves the activation 
of brain immune cells (microglia), which in turn produce 
cytokines that propagate from the blood to the brain side 
of the blood brain barrier (Dantzer et  al., 2014). Heightened 
levels of activity of immune-type cells of the CNS have been 
found in CFS, supporting the role of CNS inflammatory 
processes for this disorder (Nakatomi et  al., 2014; Anderson 
and Maes, 2020). Cytokines can also inhibit the synthesis 
of neurotransmitters such as dopamine, norepinephrine, and 
serotonin (Dantzer et  al., 2014), and modulate the 
neuroendocrine system, for instance by activating the release 
of cortisol, adrenocorticotropic hormone, and corticotropin-
releasing hormone (Karshikoff et  al., 2017). Because of the 
decrease in dopamine synthesis seen following inflammation, 
it has been suggested that this supports the idea of a dopamine 
imbalance hypothesis of fatigue (Dobryakova et  al., 2015). 
This would be  in contrast with the view of Loy et  al. (2018), 
who, as previously discussed, see fatigue to be  associated 
with serotonin. The fronto-striatal dopaminergic network is 

involved in reward-based decision-making, and its dysfunction 
following inflammation may explain the lack of motivation 
associated with fatigue or anhedonia in major depressive 
disorder (Dantzer et al., 2014). Insula activity has been shown 
to increase following inflammation (Harrison et  al., 2009, 
2015; Hannestad et  al., 2012; Benson et  al., 2015; Karshikoff 
et  al., 2016). Since it is considered the central structure for 
the perception of interoceptive signals, it has been suggested 
that the subjective feelings of fatigue might be  due to this 
increased insular activation (Karshikoff et  al., 2017). Lastly, 
Karshikoff et  al. (2017) suggest that a mental feeling of 
fatigue during inflammation might be  due to changes in 
ACC functions. As partly mentioned before, increased ACC 
activity has been found in CFS and MS fatigued patients 
(Filippi et  al., 2002; Schmaling et  al., 2003), but also during 
the activation of the immune system (Capuron et  al., 2005; 
Eisenberger et  al., 2009; Harrison et  al., 2009; Hannestad 
et  al., 2012; Haroon et  al., 2014). Hence, stronger ACC 
activity triggered by inflammation may signal a need for 
increased cognitive processing, thus provoking a feeling of 
mental fatigue (Karshikoff et  al., 2017). Moreover, these 
inflammation-driven alterations of ACC and frontal activity 
might explain the autonomic imbalance found in fatigue 
conditions previously touched upon.

Finally, a study investigating whole-brain markers of 
neuroinflammation using magnetic resonance spectroscopy 
showed that, in comparison to healthy controls, CFS patients 
showed brain temperature and metabolites abnormalities 
across large portions of the brain, hinting to global 
neuroinflammation (Mueller et  al., 2020). CFS patients had 
higher brain temperature in the right frontal cortex, right 
insula, right thalamus, right putamen, and cerebellum. Those 
temperatures were not attributable to increases in body 
temperature, and the right insula, right thalamus, and 
cerebellum were also associated with increased lactate, a 
by-product of anaerobic glycolysis, which is not found at 
high levels in the healthy brain, but it is produced by immune 
cells under inflammatory conditions (Mueller et  al., 2020). 
Elevated levels of choline containing compounds (CHO), a 
metabolite related to neuroinflammation, were found in the 
bilateral ACC, left middle cingulate, right calcarine sulcus, 
right occipital and temporal lobes, with the most significant 
difference being found in the left ACC (Mueller et al., 2020). 
Increased levels of lactate, and therefore anaerobic energy 
production, were observed in numerous brain regions of 
CFS patients (Mueller et  al., 2020). Since anaerobic ATP 
production is much less efficient than the healthy, aerobic 
mitochondrial respiration, fatigue may be  explained by the 
cellular energy deficiency resulting from anaerobic glycolysis 
(Mueller et  al., 2020). This picture is different from that 
provided by a study on patients with mitochondrial diseases, 
where brain temperature was lower in comparison to controls 
both at rest, during activation, and during recovery (Rango 
et  al., 2014). Furthermore, the patients with the highest 
disruptions in mitochondrial function exhibited the lowest 
brain temperatures (Rango et  al., 2014). This might indicate 
that despite both conditions being characterized by dysfunctions 
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in mitochondrial bioenergetics, inflammation might play a 
more central role in the case of CFS.

TREATMENTS THAT AFFECT BOTH 
ENERGY-RELATED SENSATIONS AND 
ENERGY METABOLISM

Physical exercise has been shown to improve energy-related 
sensations such as energetic arousal, calmness, burnout, emotional 
exhaustion, fatigue, and vigour (Puetz et  al., 2008; Kanning 
and Schlicht, 2010; Brand et  al., 2020). Exercise appears to 
improve sensations of energy more consistently than sensations 
of fatigue: a meta-analysis on the effects of a single bout of 
exercise found that while acute exercise homogenously increased 
sensations of energy, the effects for fatigue were heterogeneous, 
and moderated by exercise intensity and duration (Loy et  al., 
2013). Similarly, 6 weeks of either low or moderate chronic 
exercise in adults reporting persistent fatigue improved sensations 
of energy in both conditions. Improvements in fatigue were 
moderated by exercise intensity in the way that low-intensity 
exercise was more effective (Puetz et  al., 2008). These 
improvements were independent of changes in aerobic fitness 
(Puetz et al., 2008). Exercise at moderate intensity also improved 
sensations of energy in people with depressive symptoms, but 
not sensations of fatigue (Legrand et  al., 2018).

Interestingly, regular physical activity in patients with burnout 
improved symptoms of burnout and depression, as well as 
mitochondrial activity (Brand et al., 2020). Higher mitochondrial 
activity correlated with lower scores of burnout and depression 
both at baseline and in the follow-up of the study (Brand et  al., 
2020). Implementing an individualized activity program for CFS 
patients resulted in a significant reduction of different fatigue 
measures, an increase in mitochondrial function measured through 
levels of transmembrane proteins mitofusin 1 and 2 (Mfn1, Mfn2), 
peak VO2, and a decrease in the ratio of sympathetic to 
parasympathetic activity during the head-up tilt test (Kujawski 
et  al., 2021). Interestingly, those changes in autonomic functions 
were related to increases in submaximal VO2 (Kujawski et  al., 
2021). It should be  noted that such an intervention did not 
appear to be  well-tolerated by CFS patients, since the drop-out 
rate was 51% (Kujawski et  al., 2021). This is consistent with the 
idea that it might be  hard for CFS patients to profit from more 
intensive aerobic exercise due to the severe fatigue symptoms 
they might experience afterwards (Puetz et  al., 2008).

Improving mitochondrial bioenergetics in order to improve 
fatigue has been attempted through CoQ10 supplementation, 
but with mixed evidence (Wood et  al., 2021). As previously 
mentioned, this might be  due to the low bioavailability and 
the unknown extent to which CoQ10 enters the cells (Wood 
et  al., 2021). Similarly, more evidence is needed in respect to 
carnitine supplementation as a treatment for MS- or cancer-
related fatigue (Tejani et  al., 2012; Marx et  al., 2017). An audit 
of CFS patients who followed a tailored treatment regime that 
addressed their mitochondrial dysfunction (based on an ATP 
profile test) showed that patients who adhered to this regime 

exhibited significant improvements in mitochondrial function, 
but unfortunately no measures of fatigue were reported (Myhill 
et  al., 2013). The treatment, in addition to a basic protocol 
covering sleep, nutritional supplements, a stone-age diet, and 
balancing work and rest, addressed either substrate or co-factor 
deficiency, or inhibition of mitochondrial function by chemicals 
(exogenous or endogenous; Myhill et  al., 2012). There is also 
an increasing interest in the role of melatonin in mitochondrial 
metabolism, since exogenous and pineal melatonin have immune-
dampening effects and optimize mitochondrial respiration 
(Anderson and Maes, 2020). Melatonin improved fatigue and 
activity levels in CFS patients (Heukelom et  al., 2006).

In order to address mitochondrial dysfunction and 
inflammation in CFS, mitoprotective diets have been proposed 
as a treatment (Craig, 2015). These comprise of caloric restriction 
(CR), fasting, and ketogenic diets (Craig, 2015). Caloric restriction 
is often defined as a 20%–40% reduction in caloric intake 
(Craig, 2015), and can modulate inflammatory pathways, energy 
metabolism, mtDNA repair, and oxidative stress (Mattson, 
2014). Fasting has also been shown to reduce subjective pain 
and inflammation in rheumatoid arthritis patients (Müller et al., 
2001), to suppress pro-inflammatory cytokines in healthy people 
(Faris et  al., 2012), and to reduce fatigue and weakness in 
cancer patients (Raffaghello et  al., 2010). A ketogenic diet is 
a high fat, very low carbohydrate diet that can mimic the 
effects of fasting or CR, affecting mitochondria in a similar 
way as a CR diet (Craig, 2015). However, experimental trials 
on the effects of a ketogenic diet on fatigue are still lacking 
(Anderson and Maes, 2020).

Another potential therapeutic area concerns psychotropic 
and neurological medications that affect mitochondrial complex 
I  and IV (Holper et  al., 2019). A meta-analysis by Holper 
et  al. (2019), which examined the effects of such medications 
on mitochondrial complex I  and IV in the rodent brain from 
in vivo and in vitro studies, showed that antidepressants had 
heterogeneous effects, either increasing or decreasing complex 
I  and IV, antipsychotics and stimulants decrease complex I but 
increase complex IV, while both complexes were preserved or 
enhanced by anxiolytics, mood stabilizers, antidementia and 
antiparkinsonian drugs (Holper et  al., 2019). The receptors 
contributing to the drug effects to the greatest extent were 
adrenergic (α1B), dopaminergic (D1/2), glutaminergic (NMDA1, 
3), histaminergic (H1), muscarinic (M1, 3), opioid (OP1-3), 
serotonergic (5-HT2A, 5-HT2C, 5-HT3A), and sigma (σ 1) 
receptors (Holper et  al., 2019). For instance, the sigma 1 
receptor showed the strongest effect in increasing complex 
I  activity, and a significant effect in increasing complex IV 
activity (Holper et  al., 2019). The sigma 1 receptor plays an 
important role in regulating mitochondrial apoptosis, 
proliferation, and neuroprotection, but it also modulates 
inflammatory and immune responses (Szabo et al., 2014, 2016; 
Brimson et  al., 2018). Recently, a study in rats has shown 
that serotonin, through the 5-HT2A receptor, increased 
mitochondrial biogenesis, mitochondrial respiratory capacity, 
oxidative phosphorylation efficiency, and therefore ATP 
generation in cortical neurons (Fanibunda et  al., 2019). 
Additionally, it exhibited a neuroprotective effect (Fanibunda 
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et  al., 2019). These effects take place through recruitment of 
modulators of mitochondrial biogenesis such as sirtuin SIRT1 
and the transcriptional coactivator PGC-1a, which are also 
implicated in metabolic control and longevity (Fanibunda and 
Vaidya, 2021). It would therefore be  interesting for future 
research to test whether 5HT or sigma 1 agonists alleviate 
fatigue in different conditions such as CFS, depression or MS 
through their effects on mitochondria and inflammatory activity.

Finally, oxygen-ozone autohemotherapy has been found to 
greatly improve fatigue symptoms in CFS patients (Tirelli et al., 
2021). While the mechanisms through which ozone can impact 
fatigue are still unclear, it has been hypothesized that the 
antioxidant and immunomodulatory properties of ozone my 
play a role (Tirelli et  al., 2021). Medical ozone effects include 
improved oxygen release by the red blood cells, 
immunomodulation, and regulation of cellular antioxidants 
(Viebahn-Haensler and León Fernández, 2021).

SUMMARY AND FUTURE DIRECTIONS

We have presented theoretical and methodological considerations 
for defining sensations of fatigue and energy, distinguishing 
between subjective and objective measures, between trait, 
prolonged state, and state, as well as between different domains 
of energy-related sensations including cognitive, physical, 
emotional, motivational, social, and sexual. We  also suggested 
that the speed through which energy-related sensations arise 
and dissipate might constitute a further dimension of interest 
that is currently poorly understood, which we  term subjective 

energizability and fatigability, respectively. We have also defined 
sensations of energy as “X sensation of y energy availability 
related to a task demand,” with X representing state, prolonged 
state and trait and Y representing the six energy-related domains. 
While there is robust evidence that sensations of energy and 
fatigue are two separate constructs, we argue that the acquiescence 
effect needs to be  addressed for conclusions.

A large body of evidence reveals a robust link between 
fatigue and different components of energy metabolism. These 
components include mitochondria structure, mitochondrial 
function, mitochondrial energy metabolism, immune response 
to mitochondria, the balance between sympathetic and 
parasympathetic activity, O2, and inflammation. However, the 
relation of energy metabolism with sensations of energy are 
poorly investigated.

Potential treatment options to improve bioenergetic 
dysregulation are still in its infancy but might consist of physical 
exercise, mitoprotective diets, supplementations addressing 
nutrient deficiencies (such as vitamin D or lower levels of 
enzymes such as CoQ10), and oxygen-ozone autohemotherapy. 
Further treatments might comprise psychotropic medications 
capable of improving mitochondrial bioenergetics, speculatively 
through 5HT or sigma 1 receptor actions.

Hypotheses for future research could address the temporal 
elements of energy-related sensations, something which has 
been neglected up to this point (see Figure  3). Therefore, 
we  have introduced the concepts of subjective energizability 
and fatigability. The validity of these concepts and their biological 
underpinning could represent future research questions, allowing 
a better understanding of subjective and bioenergetics.

FIGURE 3 | The bioenergetics components and their link with fatigue sensations, energy sensations, energizability, and fatigability. Solid lines: reviewed here. 
Dashed lines: not reviewed here. All these bioenergetic components may be linked to behavioral markers (see objective fatigability) and sensations (see subjective 
fatigability; fatigue and energy sensations). The concept of energizability has been newly introduced and subjective fatigability has been neglected.
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Finally, measures of intelligence (g factor) and psychopathology 
(p factor) have been found to covary (Fissler et  al., 2022). For 
example, Caspi et  al. (2014) found that individuals with higher 
psychopathology scored lower on a wide range of intelligence 
tests and showed more cognitive problems in everyday life as 
reported by informants who knew them well. In addition, both 
cognitive disorders (disorders of g) such as Alzheimer’s dementia 
and psychological disorders (disorders of p) such as depression 
show high comorbidity. The shared variation between measures 
of p and g, was defined as the cerebral function factor (c factor). 
Mitochondrial bioenergetic dysregulation has been proposed to 
be the biological underpinning of the c factor, or in other words, 
of the covariation between g and p (Fissler et  al., 2022). As 
mitochondrial bioenergetics underlie energy-related sensations, 

the latter might provide a subjective indicator of the c factor 
(Fissler et al., 2022). Future research needs to test this hypothesis 
and reveal this possible link between energy-related sensations, 
the p factor, g factor and the c factor. If this hypothesis is 
verified, energy-related sensations may provide an easy-to-obtain 
marker of general cerebral function.

AUTHOR CONTRIBUTIONS

MF wrote the first draft of the manuscript. PF and RK 
conceptualized, edited, and revised the manuscript in a critical 
manner. All authors contributed to the article and approved 
the submitted version.

 

REFERENCES

Akselrod, S., Gordon, D., Ubel, F. A., Shannon, D. C., Berger, A. C., and 
Cohen, R. J. (1981). Power Spectrum analysis of heart rate fluctuation: a 
quantitative probe of beat-to-beat cardiovascular control. Science 213, 220–222. 
doi: 10.1126/science.6166045

Alfano, C. M., Imayama, I., Neuhouser, M. L., Kiecolt-Glaser, J. K., Smith, A. W., 
Meeske, K., et al. (2012). Fatigue, inflammation, and ω-3 and ω-6 fatty 
acid intake among breast cancer survivors. J. Clin. Oncol. 30, 1280–1287. 
doi: 10.1200/JCO.2011.36.4109

Allen, J., Caruncho, H. J., and Kalynchuk, L. E. (2021). Severe life stress, 
mitochondrial dysfunction, and depressive behavior: a pathophysiological 
and therapeutic perspective. Mitochondrion 56, 111–117. doi: 10.1016/j.
mito.2020.11.010

Allen, J., Romay-Tallon, R., Brymer, K. J., Caruncho, H. J., and Kalynchuk, L. E. 
(2018). Mitochondria and mood: mitochondrial dysfunction as a key player 
in the manifestation of depression. Front. Neurosci. 12:386. doi: 10.3389/
fnins.2018.00386

Amann, M., and Calbet, J. A. L. (2008). Convective oxygen transport and 
fatigue. J. Appl. Physiol. 104, 861–870. doi: 10.1152/japplphysiol.01008.2007

Amat, J., Baratta, M. V., Paul, E., Bland, S. T., Watkins, L. R., and Maier, S. F. 
(2005). Medial prefrontal cortex determines how stressor controllability affects 
behavior and dorsal raphe nucleus. Nat. Neurosci. 8, 365–371. doi: 10.1038/
nn1399

Amendola, C. A., Gabrieli, J. D. E., and Lieberman, H. R. (1998). Caffeine’s 
effects on performance and mood are independent of age and gender. Nutr. 
Neurosci. 1, 269–280. doi: 10.1080/1028415X.1998.11747237

Anderson, G., and Maes, M. (2020). Mitochondria and immunity in chronic 
fatigue syndrome. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 103:109976. 
doi: 10.1016/j.pnpbp.2020.109976

Armstrong, C. W., McGregor, N. R., Lewis, D. P., Butt, H. L., and Gooley, P. R. 
(2015). Metabolic profiling reveals anomalous energy metabolism and oxidative 
stress pathways in chronic fatigue syndrome patients. Metabolomics 11, 
1626–1639. doi: 10.1007/s11306-015-0816-5

Bansal, Y., and Kuhad, A. (2016). Mitochondrial dysfunction in depression. 
Curr. Neuropharmacol. 14, 610–618. doi: 10.2174/1570159X1466616022911475
5

Barth, E., Albuszies, G., Baumgart, K., Matejovic, M., Wachter, U., Vogt, J., 
et al. (2007). Glucose metabolism and catecholamines. Crit. Care Med. 35, 
S508–S518. doi: 10.1097/01.CCM.0000278047.06965.20

Baxter, L. R. (1989). Reduction of prefrontal cortex glucose metabolism common 
to three types of depression. Arch. Gen. Psychiatry 46, 243–250. doi: 10.1001/
archpsyc.1989.01810030049007

Behan, W. M. H., Holt, I. J., Kay, D. H., and Moonie, P. (1999). In vitro study 
of muscle aerobic metabolism in chronic fatigue syndrome. J. Chronic Fatigue 
Syndr. 5, 3–16. doi: 10.1300/J092v05n01_02

Behan, W. M. H., More, I. A. R., and Behan, P. O. (1991). Mitochondrial 
abnormalities in the postviral fatigue syndrome. Acta Neuropathol. 83, 61–65. 
doi: 10.1007/BF00294431

Behan, W. M. H., More, I. A. R., Downie, I., and Gow, J. W. (1995). Mitochondrial 
studies in the chronic fatigue syndrome. EOS Riv. Immunol. Immunofarmacol. 
15:36.

Benarroch, E. E. (1993). The central autonomic network: functional organization, 
dysfunction, and perspective. Mayo Clin. Proc. 68, 988–1001. doi: 10.1016/
S0025-6196(12)62272-1

Benson, S., Rebernik, L., Wegner, A., Kleine-Borgmann, J., Engler, H., 
Schlamann, M., et al. (2015). Neural circuitry mediating inflammation-induced 
central pain amplification in human experimental endotoxemia. Brain Behav. 
Immun. 48, 222–231. doi: 10.1016/j.bbi.2015.03.017

Betteridge, D. J. (2000). What is oxidative stress? Metabolism 49, 3–8. doi: 
10.1016/S0026-0495(00)80077-3

Blazquez, A., Alegre, J., and Ruiz, E. (2009). Women With chronic fatigue 
syndrome and sexual dysfunction: past, present, and future. J. Sex Marital 
Ther. 35, 347–359. doi: 10.1080/00926230903065179

Blockmans, D., Persoons, P., Van Houdenhove, B., and Bobbaers, H. (2006). 
Does methylphenidate reduce the symptoms of chronic fatigue syndrome? 
Am. J. Med. 119, 167.e23–167.e30. doi: 10.1016/j.amjmed.2005.07.047

Bond, A., and Lader, M. (1974). The use of analogue scales in rating subjective 
feelings. Br. J. Med. Psychol. 47, 211–218. doi: 10.1111/j.2044-8341.1974.tb02285.x

Bonora, M., Patergnani, S., Rimessi, A., De Marchi, E., Suski, J. M., Bononi, A., 
et al. (2012). ATP synthesis and storage. Purinergic Signal 8, 343–357. doi: 
10.1007/s11302-012-9305-8

Boolani, A., O’Connor, P. J., Reid, J., Ma, S., and Mondal, S. (2019). Predictors 
of feelings of energy differ from predictors of fatigue. Fatigue: Biomed. 
Health Behav. 7, 12–28. doi: 10.1080/21641846.2018.1558733

Booth, N. E., Myhill, S., and McLaren-Howard, J. (2012). Mitochondrial 
dysfunction and the pathophysiology of Myalgic encephalomyelitis/chronic 
fatigue syndrome (ME/CFS). Int. J. Clin. Exp. Med. 5, 208–220.

Bower, J. E., Ganz, P. A., Aziz, N., and Fahey, J. L. (2002). Fatigue and 
proinflammatory cytokine activity in breast cancer survivors. Psychosom. 
Med. 64, 604–611. doi: 10.1097/00006842-200207000-00010

Bower, J. E., Ganz, P. A., Tao, M. L., Hu, W., Belin, T. R., Sepah, S., et al. 
(2009). Inflammatory biomarkers and fatigue during radiation therapy for 
breast and prostate cancer. Clin. Cancer Res. 15, 5534–5540. doi: 
10.1158/1078-0432.CCR-08-2584

Bower, J. E., and Lamkin, D. M. (2013). Inflammation and cancer-related fatigue: 
mechanisms, contributing factors, and treatment implications. Brain Behav. 
Immun. 30, S48–S57. doi: 10.1016/j.bbi.2012.06.011

Boyle, G. J. (1987). A cross-validation of the factor structure of the profile of 
mood states: were the factors correctly identified in the first instance? Psychol. 
Rep. 60, 343–354. doi: 10.2466/pr0.1987.60.2.343

Brand, S., Ebner, K., Mikoteit, T., Lejri, I., Gerber, M., Beck, J., et al. (2020). 
Influence of regular physical activity on mitochondrial activity and symptoms 
of burnout—an interventional pilot study. J. Clin. Med. 9:667. doi: 10.3390/
jcm9030667

Brenner, P., and Piehl, F. (2016). Fatigue and depression in multiple sclerosis: 
pharmacological and non-pharmacological interventions. Acta Neurol. Scand. 
134, 47–54. doi: 10.1111/ane.12648

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1126/science.6166045
https://doi.org/10.1200/JCO.2011.36.4109
https://doi.org/10.1016/j.mito.2020.11.010
https://doi.org/10.1016/j.mito.2020.11.010
https://doi.org/10.3389/fnins.2018.00386
https://doi.org/10.3389/fnins.2018.00386
https://doi.org/10.1152/japplphysiol.01008.2007
https://doi.org/10.1038/nn1399
https://doi.org/10.1038/nn1399
https://doi.org/10.1080/1028415X.1998.11747237
https://doi.org/10.1016/j.pnpbp.2020.109976
https://doi.org/10.1007/s11306-015-0816-5
https://doi.org/10.2174/1570159X14666160229114755
https://doi.org/10.2174/1570159X14666160229114755
https://doi.org/10.1097/01.CCM.0000278047.06965.20
https://doi.org/10.1001/archpsyc.1989.01810030049007
https://doi.org/10.1001/archpsyc.1989.01810030049007
https://doi.org/10.1300/J092v05n01_02
https://doi.org/10.1007/BF00294431
https://doi.org/10.1016/S0025-6196(12)62272-1
https://doi.org/10.1016/S0025-6196(12)62272-1
https://doi.org/10.1016/j.bbi.2015.03.017
https://doi.org/10.1016/S0026-0495(00)80077-3
https://doi.org/10.1080/00926230903065179
https://doi.org/10.1016/j.amjmed.2005.07.047
https://doi.org/10.1111/j.2044-8341.1974.tb02285.x
https://doi.org/10.1007/s11302-012-9305-8
https://doi.org/10.1080/21641846.2018.1558733
https://doi.org/10.1097/00006842-200207000-00010
https://doi.org/10.1158/1078-0432.CCR-08-2584
https://doi.org/10.1016/j.bbi.2012.06.011
https://doi.org/10.2466/pr0.1987.60.2.343
https://doi.org/10.3390/jcm9030667
https://doi.org/10.3390/jcm9030667
https://doi.org/10.1111/ane.12648


Filippi et al. Link Between Sensations and Metabolism

Frontiers in Psychology | www.frontiersin.org 15 June 2022 | Volume 13 | Article 920556

Brimson, J. M., Safrany, S. T., Qassam, H., and Tencomnao, T. (2018). 
Dipentylammonium binds to the Sigma-1 receptor and protects against 
glutamate toxicity, attenuates dopamine toxicity and potentiates neurite 
outgrowth in various cultured cell lines. Neurotox. Res. 34, 263–272. doi: 
10.1007/s12640-018-9883-5

Buchwald, D., Wener, M. H., Pearlman, T., and Kith, P. (1997). Markers of 
inflammation and immune activation in chronic fatigue and chronic fatigue 
syndrome. J. Rheumatol. 24, 372–376.

Cameron, M. H., and McMillan, G. (2017). Methylphenidate is likely less 
effective than placebo for improving imbalance, walking, and fatigue in 
people with multiple sclerosis. Mult. Scler. J. 23, 1799–1801. doi: 
10.1177/1352458517692421

Cannon, B., and Nedergaard, J. (2004). Brown adipose tissue: function and 
physiological significance. Physiol. Rev. 84, 277–359. doi: 10.1152/
physrev.00015.2003

Capuron, L., Pagnoni, G., Demetrashvili, M., Woolwine, B. J., Nemeroff, C. B., 
Berns, G. S., et al. (2005). Anterior cingulate activation and error processing 
during interferon-alpha treatment. Biol. Psychiatry 58, 190–196. doi: 10.1016/j.
biopsych.2005.03.033

Caseras, X., Mataix-Cols, D., Rimes, K. A., Giampietro, V., Brammer, M., 
Zelaya, F., et al. (2008). The neural correlates of fatigue: an exploratory 
imaginal fatigue provocation study in chronic fatigue syndrome. Psychol. 
Med. 38, 941–951. doi: 10.1017/S0033291708003450

Caspi, A., Houts, R. M., Belsky, D. W., Goldman-Mellor, S. J., Harrington, H., 
Israel, S., et al. (2014). The p factor: one general psychopathology factor 
in the structure of psychiatric disorders? Clin. Psychol. Sci. 2, 119–137. doi: 
10.1177/2167702613497473

Castro-Marrero, J., Cordero, M. D., Sáez-Francas, N., Jimenez-Gutierrez, C., 
Aguilar-Montilla, F. J., Aliste, L., et al. (2013). Could mitochondrial dysfunction 
be  a differentiating marker between chronic fatigue syndrome and 
fibromyalgia? Antioxid. Redox Signal. 19, 1855–1860. doi: 10.1089/
ars.2013.5346

Cella, D. F., Tulsky, D. S., Gray, G., Sarafian, B., Linn, E., Bonomi, A., et al. 
(1993). The functional assessment of cancer therapy scale: development and 
validation of the general measure. J. Clin. Oncol. 11, 570–579. doi: 10.1200/
JCO.1993.11.3.570

Chao, C. C., Janoff, E. N., Hu, S., Thomas, K., Gallagher, M., Tsang, M., et al. 
(1991). Altered cytokine release in peripheral blood mononuclear cell cultures 
from patients with the chronic fatigue syndrome. Cytokine 3, 292–298. doi: 
10.1016/1043-4666(91)90497-2

Chaudhuri, A., and Behan, P. O. (2000). Fatigue and basal ganglia. J. Neurol. 
Sci. 179, 34–42. doi: 10.1016/S0022-510X(00)00411-1

Cho, H. J., Seeman, T. E., Bower, J. E., Kiefe, C. I., and Irwin, M. R. (2009). 
Prospective association between C-reactive protein and fatigue in the coronary 
artery risk development in young adults study. Biol. Psychiatry 66, 871–878. 
doi: 10.1016/j.biopsych.2009.06.008

Chouchani, E. T., Kazak, L., Jedrychowski, M. P., Lu, G. Z., Erickson, B. K., 
Szpyt, J., et al. (2016). Mitochondrial ROS regulate thermogenic energy 
expenditure and sulfenylation of UCP1. Nature 532, 112–116. doi: 10.1038/
nature17399

Cleare, A. J., Messa, C., Rabiner, E. A., and Grasby, P. M. (2005). Brain 5-HT1A 
receptor binding in chronic fatigue syndrome measured using positron 
emission tomography and [11C]WAY-100635. Biol. Psychiatry 57, 239–246. 
doi: 10.1016/j.biopsych.2004.10.031

Cohen, B. H., and Gold, D. R. (2001). Mitochondrial cytopathy in adults: 
what we  know so far. Cleve. Clin. J. Med. 68, 625–626. doi: 10.3949/
ccjm.68.7.625

Collado-Hidalgo, A., Bower, J. E., Ganz, P. A., Cole, S. W., and Irwin, M. R. 
(2006). Inflammatory biomarkers for persistent fatigue in breast Cancer survivors. 
Clin. Cancer Res. 12, 2759–2766. doi: 10.1158/1078-0432.CCR-05-2398

Craig, C. (2015). Mitoprotective dietary approaches for Myalgic encephalomyelitis/
chronic fatigue syndrome: caloric restriction, fasting, and ketogenic diets. 
Med. Hypotheses 85, 690–693. doi: 10.1016/j.mehy.2015.08.013

Dantzer, R., Heijnen, C. J., Kavelaars, A., Laye, S., and Capuron, L. (2014). 
The neuroimmune basis of fatigue. Trends Neurosci. 37, 39–46. doi: 10.1016/j.
tins.2013.10.003

de Heredia, F. P., Gómez-Martínez, S., and Marcos, A. (2012). Obesity, inflammation 
and the immune system. Proc. Nutr. Soc. 71, 332–338. doi: 10.1017/
S0029665112000092

de Raaf, P. J., Sleijfer, S., Lamers, C. H. J., Jager, A., Gratama, J. W., and van 
der Rijt, C. C. D. (2012). Inflammation and fatigue dimensions in advanced 
cancer patients and cancer survivors: an explorative study. Cancer 118, 
6005–6011. doi: 10.1002/cncr.27613

de Seze, J., Stojkovic, T., Gauvrit, J.-Y., Devos, D., Ayachi, M., Cassim, F., et al. 
(2001). Autonomic dysfunction in multiple sclerosis: cervical spinal cord 
atrophy correlates. J. Neurol. 248, 297–303. doi: 10.1007/s004150170204

DeLuca, J. (2005). Fatigue as a Window to the Brain. London: The MIT Press.
Derache, N., Grassiot, B., Mézenge, F., Emmanuelle Dugué, A., Desgranges, B., 

Constans, J.-M., et al. (2013). Fatigue is associated with metabolic and 
density alterations of cortical and deep gray matter in relapsing-remitting-
multiple sclerosis patients at the earlier stage of the disease: a PET/
MR study. Mult. Scler. Relat. Disord. 2, 362–369. doi: 10.1016/j.msard. 
2013.03.005

Dobryakova, E., Genova, H. M., DeLuca, J., and Wylie, G. R. (2015). The 
dopamine imbalance hypothesis of fatigue in multiple sclerosis and other 
neurological disorders. Front. Neurol. 6:52. doi: 10.3389/fneur.2015.00052

Edwards, R. H. T., Gibson, H., Clague, J. E., and Helliwell, T. (1993). “Muscle 
histopathology and physiology in chronic fatigue syndrome,” in Chronic 
Fatigue Syndrome. eds. J. Whelan and G. R. Bock (Chichester: John Wiley 
& Sons Inc.).

Eisenberger, N. I., Inagaki, T. K., Rameson, L. T., Mashal, N. M., and Irwin, M. R. 
(2009). An fMRI study of cytokine-induced depressed mood and social 
pain: The role of sex differences. NeuroImage 47, 881–890. doi: 10.1016/j.
neuroimage.2009.04.040

Emmanuele, V., López, L. C., Berardo, A., Naini, A., Tadesse, S., Wen, B., 
et al. (2012). Heterogeneity of coenzyme Q 10 deficiency: patient study 
and literature review. Arch. Neurol. 69, 978–983. doi: 10.1001/
archneurol.2012.206

Fanibunda, S. E., Deb, S., Maniyadath, B., Tiwari, P., Ghai, U., Gupta, S., et al. 
(2019). Serotonin regulates mitochondrial biogenesis and function in rodent 
cortical neurons via the 5-HT 2A receptor and SIRT1–PGC-1α axis. Proc. 
Natl. Acad. Sci. 116, 11028–11037. doi: 10.1073/pnas.1821332116

Fanibunda, S. E., and Vaidya, V. A. (2021). Serotonin minting new mitochondria 
in cortical neurons: implications for psychopathology. Neuropsychopharmacology 
46, 259–260. doi: 10.1038/s41386-020-00824-3

Faris, M. A., Kacimi, S., Al-Kurd, R. A., Fararjeh, M. A., Bustanji, Y. K., 
Mohammad, M. K., et al. (2012). Intermittent fasting during Ramadan 
attenuates proinflammatory cytokines and immune cells in healthy subjects. 
Nutr. Res. 32, 947–955. doi: 10.1016/j.nutres.2012.06.021

Fatt, S. J., Beilharz, J. E., Joubert, M., Wilson, C., Lloyd, A. R., Vollmer-Conna, U., 
et al. (2020). Parasympathetic activity is reduced during slow-wave sleep, 
but not resting wakefulness, in patients with chronic fatigue syndrome. J. 
Clin. Sleep Med. 16, 19–28. doi: 10.5664/jcsm.8114

Filippi, M., Rocca, M. A., Colombo, B., Falini, A., Codella, M., Scotti, G., 
et al. (2002). Functional magnetic resonance imaging correlates of 
fatigue in multiple sclerosis. NeuroImage 15, 559–567. doi: 10.1006/
nimg.2001.1011

Filler, K., Lyon, D., Bennett, J., McCain, N., Elswick, R., Lukkahatai, N., et al. 
(2014). Association of mitochondrial dysfunction and fatigue: a review of 
the literature. BBA Clin. 1, 12–23. doi: 10.1016/j.bbacli.2014.04.001

Finke, C., Schlichting, J., Papazoglou, S., Scheel, M., Freing, A., Soemmer, C., 
et al. (2015). Altered basal ganglia functional connectivity in multiple 
sclerosis patients with fatigue. Mult. Scler. J. 21, 925–934. doi: 10.1177/ 
1352458514555784

Firth, J., Firth, J. A., Stubbs, B., Vancampfort, D., Schuch, F. B., Hallgren, M., 
et al. (2018). Association Between muscular strength and cognition in people 
with major depression or bipolar disorder and healthy controls. JAMA 
Psychiat. 75, 740–746. doi: 10.1001/jamapsychiatry.2018.0503

Fisk, J. D., Pontefract, A., Ritvo, P. G., Archibald, C. J., and Murray, T. J. 
(1994). The impact of fatigue on patients with multiple sclerosis. Can. J. 
Neurol. Sci. 21, 9–14. doi: 10.1017/S0317167100048691

Fissler, P., Mavioglu, R.N., Wenzel, M., Stoewer, S., Wolff, W., Karabatsiakis, A., 
et al. (2022). A bioenergetic model that links psychopathology and intelligence: 
implications for research and clinical practice. PsyArXiv [Preprint]. doi: 
10.31234/osf.io/b3qf5

Fletcher, M. A., Zeng, X. R., Barnes, Z., Levis, S., and Klimas, N. G. (2009). 
Plasma cytokines in women with chronic fatigue syndrome. J. Transl. Med. 
7:96. doi: 10.1186/1479-5876-7-96

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1007/s12640-018-9883-5
https://doi.org/10.1177/1352458517692421
https://doi.org/10.1152/physrev.00015.2003
https://doi.org/10.1152/physrev.00015.2003
https://doi.org/10.1016/j.biopsych.2005.03.033
https://doi.org/10.1016/j.biopsych.2005.03.033
https://doi.org/10.1017/S0033291708003450
https://doi.org/10.1177/2167702613497473
https://doi.org/10.1089/ars.2013.5346
https://doi.org/10.1089/ars.2013.5346
https://doi.org/10.1200/JCO.1993.11.3.570
https://doi.org/10.1200/JCO.1993.11.3.570
https://doi.org/10.1016/1043-4666(91)90497-2
https://doi.org/10.1016/S0022-510X(00)00411-1
https://doi.org/10.1016/j.biopsych.2009.06.008
https://doi.org/10.1038/nature17399
https://doi.org/10.1038/nature17399
https://doi.org/10.1016/j.biopsych.2004.10.031
https://doi.org/10.3949/ccjm.68.7.625
https://doi.org/10.3949/ccjm.68.7.625
https://doi.org/10.1158/1078-0432.CCR-05-2398
https://doi.org/10.1016/j.mehy.2015.08.013
https://doi.org/10.1016/j.tins.2013.10.003
https://doi.org/10.1016/j.tins.2013.10.003
https://doi.org/10.1017/S0029665112000092
https://doi.org/10.1017/S0029665112000092
https://doi.org/10.1002/cncr.27613
https://doi.org/10.1007/s004150170204
https://doi.org/10.1016/j.msard.2013.03.005
https://doi.org/10.1016/j.msard.2013.03.005
https://doi.org/10.3389/fneur.2015.00052
https://doi.org/10.1016/j.neuroimage.2009.04.040
https://doi.org/10.1016/j.neuroimage.2009.04.040
https://doi.org/10.1001/archneurol.2012.206
https://doi.org/10.1001/archneurol.2012.206
https://doi.org/10.1073/pnas.1821332116
https://doi.org/10.1038/s41386-020-00824-3
https://doi.org/10.1016/j.nutres.2012.06.021
https://doi.org/10.5664/jcsm.8114
https://doi.org/10.1006/nimg.2001.1011
https://doi.org/10.1006/nimg.2001.1011
https://doi.org/10.1016/j.bbacli.2014.04.001
https://doi.org/10.1177/1352458514555784
https://doi.org/10.1177/1352458514555784
https://doi.org/10.1001/jamapsychiatry.2018.0503
https://doi.org/10.1017/S0317167100048691
https://doi.org/10.1186/1479-5876-7-96


Filippi et al. Link Between Sensations and Metabolism

Frontiers in Psychology | www.frontiersin.org 16 June 2022 | Volume 13 | Article 920556

Franklin, J., Atkinson, G., Atkinson, J., and Batterham, A. (2019). Peak oxygen 
uptake in chronic fatigue syndrome/Myalgic encephalomyelitis: a meta-analysis. 
Int. J. Sports Med. 40, 77–87. doi: 10.1055/a-0802-9175

Fukazawa, T., Sasaki, H., Kikuchi, S., Hamada, T., and Tashiro, K. (1996). 
Serum carnitine and disabling fatigue in multiple sclerosis. Psychiatry Clin. 
Neurosci. 50, 323–325. doi: 10.1111/j.1440-1819.1996.tb00573.x

Galgani, J., and Ravussin, E. (2011). “Principles of human energy metabolism,” 
in Metabolic Basis of Obesity. ed. R. S. Ahima (New York, NY: Springer 
New  York), 1–23.

Gardner, A. (2003). Alterations of mitochondrial function and correlations with 
personality traits in selected major depressive disorder patients. J. Affect. 
Disord. 76, 55–68. doi: 10.1016/S0165-0327(02)00067-8

Gibson, S. J. (1997). The measurement of mood states in older adults. J. Gerontol. 
B Psychol. Sci. Soc. Sci. 52B, P167–P174. doi: 10.1093/geronb/52B.4.P167

Gong, S., Sheng, P., Jin, H., He, H., Qi, E., Chen, W., et al. (2014). Effect 
of methylphenidate in patients with cancer-related fatigue: a systematic 
review and meta-analysis. PLoS One 9:e84391. doi: 10.1371/journal.
pone.0084391

Halpern, B., Mancini, M. C., and Halpern, A. (2014). Brown adipose tissue: 
what have we  learned since its recent identification in human adults. Arq. 
Bras. Endocrinol. Metabol. 58, 889–899. doi: 10.1590/0004-2730000003492

Hannestad, J., Subramanyam, K., DellaGioia, N., Planeta-Wilson, B., 
Weinzimmer, D., Pittman, B., et al. (2012). Glucose metabolism in the 
insula and cingulate is affected by systemic inflammation in humans. J. 
Nucl. Med. 53, 601–607. doi: 10.2967/jnumed.111.097014

Haroon, E., Woolwine, B. J., Chen, X., Pace, T. W., Parekh, S., Spivey, J. R., 
et al. (2014). IFN-alpha-induced cortical and subcortical glutamate changes 
assessed by magnetic resonance spectroscopy. Neuropsychopharmacology 39, 
1777–1785. doi: 10.1038/npp.2014.25

Harris, S., and Dawson-Hughes, B. (1993). Seasonal mood changes in 250 normal 
women. Psychiatry Res. 49, 77–87. doi: 10.1016/0165-1781(93)90031-B

Harrison, N. A., Brydon, L., Walker, C., Gray, M. A., Steptoe, A., Dolan, R. J., 
et al. (2009). Neural origins of human sickness in interoceptive responses 
to inflammation. Biol. Psychiatry 66, 415–422. doi: 10.1016/j.
biopsych.2009.03.007

Harrison, N. A., Cooper, E., Dowell, N. G., Keramida, G., Voon, V., Critchley, H. D., 
et al. (2015). Quantitative magnetization transfer imaging as a biomarker 
for effects of systemic inflammation on the brain. Biol. Psychiatry 78, 49–57. 
doi: 10.1016/j.biopsych.2014.09.023

Heesen, C. (2006). Fatigue in multiple sclerosis: an example of cytokine mediated 
sickness behaviour? J. Neurol. Neurosurg. Psychiatry 77, 34–39. doi: 10.1136/
jnnp.2005.065805

Hesse, S., Moeller, F., Petroff, D., Lobsien, D., Luthardt, J., Regenthal, R., et al. 
(2014). Altered serotonin transporter availability in patients with multiple sclerosis. 
Eur. J. Nucl. Med. Mol. Imaging 41, 827–835. doi: 10.1007/s00259-013-2636-z

Heuchert, J. P., and McNair, D. M. (2012). Profile of Mood States. 2nd Edn. 
Washington: American Psychological Association.

Heukelom, R. O., Prins, J. B., Smits, M. G., and Bleijenberg, G. (2006). Influence 
of melatonin on fatigue severity in patients with chronic fatigue syndrome 
and late melatonin secretion. Eur. J. Neurol. 13, 55–60. doi: 
10.1111/j.1468-1331.2006.01132.x

Hinz, A., Michalski, D., Schwarz, R., and Herzberg, P. Y. (2007). The acquiescence 
effect in responding to a questionnaire. Psycho-Soc. Med. 4:Doc07.

Hjollund, N. H., Andersen, J. H., and Bech, P. (2007). Assessment of fatigue 
in chronic disease: a bibliographic study of fatigue measurement scales. 
Health Qual. Life Outcomes 5:12. doi: 10.1186/1477-7525-5-12

Hokama, Y., Campora, C. E., Hara, C., Kuribayashi, T., Le Huynh, D., and 
Yabusaki, K. (2009). Anticardiolipin antibodies in the sera of patients with 
diagnosed chronic fatigue syndrome. J. Clin. Lab. Anal. 23, 210–212. doi: 
10.1002/jcla.20325

Hokama, Y., Empey-Campora, C., Hara, C., Higa, N., Siu, N., Lau, R., et al. 
(2008). Acute phase phospholipids related to the cardiolipin of mitochondria 
in the sera of patients with chronic fatigue syndrome (CFS), chronic 
ciguatera fish poisoning (CCFP), and other diseases attributed to chemicals, 
gulf war, and marine toxins. J. Clin. Lab. Anal. 22, 99–105. doi: 10.1002/
jcla.20217

Holper, L., Ben-Shachar, D., and Mann, J. J. (2019). Psychotropic and neurological 
medication effects on mitochondrial complex I  and IV in rodent models. 
Eur. Neuropsychopharmacol. 29, 986–1002. doi: 10.1016/j.euroneuro.2019.06.010

Hroudová, J., Fišar, Z., Kitzlerová, E., Zvěřová, M., and Raboch, J. (2013). 
Mitochondrial respiration in blood platelets of depressive patients. 
Mitochondrion 13, 795–800. doi: 10.1016/j.mito.2013.05.005

Inagaki, M., Isono, M., Okuyama, T., Sugawara, Y., Akechi, T., Akizuki, N., 
et al. (2008). Plasma interleukin-6 and fatigue in terminally ill cancer patients. 
J. Pain Symptom Manag. 35, 153–161. doi: 10.1016/j.jpainsymman.2007.03.009

James, A. M., Cochemé, H. M., Smith, R. A. J., and Murphy, M. P. (2005). 
Interactions of mitochondria-targeted and untargeted ubiquinones with the 
mitochondrial respiratory chain and reactive oxygen species. J. Biol. Chem. 
280, 21295–21312. doi: 10.1074/jbc.M501527200

Jammes, Y., Steinberg, J. G., and Delliaux, S. (2012). Chronic fatigue syndrome: 
acute infection and history of physical activity affect resting levels and 
response to exercise of plasma oxidant/antioxidant status and heat shock 
proteins: infection and sport practice in CFS. J. Intern. Med. 272, 74–84. 
doi: 10.1111/j.1365-2796.2011.02488.x

Jansen, N. W. H., Kant, I., and Brandt, P. A. (2002). Need for recovery in the 
working population: description and associations with fatigue and psychological 
distress. Int. J. Behav. Med. 9, 322–340. doi: 10.1207/S15327558IJBM0904_03

Jokela, M., Virtanen, M., Batty, G. D., and Kivimäki, M. (2016). Inflammation 
and specific symptoms of depression. JAMA Psychiat. 73:87. doi: 10.1001/
jamapsychiatry.2015.1977

Kalsbeek, A., Bruinstroop, E., Yi, C. X., Klieverik, L. P., La Fleur, S. E., and 
Fliers, E. (2010). Hypothalamic control of energy metabolism via the autonomic 
nervous system: hypothalamic control of endogenous glucose production. 
Ann. N. Y. Acad. Sci. 1212, 114–129. doi: 10.1111/j.1749-6632.2010.05800.x

Kanning, M., and Schlicht, W. (2010). Be active and become happy: an ecological 
momentary assessment of physical activity and mood. J. Sport Exerc. Psychol. 
32, 253–261. doi: 10.1123/jsep.32.2.253

Karabatsiakis, A., Böck, C., Salinas-Manrique, J., Kolassa, S., Calzia, E., 
Dietrich, D. E., et al. (2014). Mitochondrial respiration in peripheral blood 
mononuclear cells correlates with depressive subsymptoms and severity of 
major depression. Transl. Psychiatry 4:e397. doi: 10.1038/tp.2014.44

Karshikoff, B., Jensen, K. B., Kosek, E., Kalpouzos, G., Soop, A., Ingvar, M., 
et al. (2016). Why sickness hurts: a central mechanism for pain induced 
by peripheral inflammation. Brain Behav. Immun. 57, 38–46. doi: 10.1016/j.
bbi.2016.04.001

Karshikoff, B., Sundelin, T., and Lasselin, J. (2017). Role of inflammation in 
human fatigue: relevance of multidimensional assessments and potential 
neuronal mechanisms. Front. Immunol. 8:21. doi: 10.3389/fimmu.2017.00021

Kikuchi, H., Nakatani, Y., Seki, Y., Yu, X., Sekiyama, T., Sato-Suzuki, I., et al. 
(2010). Decreased blood serotonin in the premenstrual phase enhances 
negative mood in healthy women. J. Psychosom. Obstet. Gynecol. 31, 83–89. 
doi: 10.3109/01674821003770606

Klinedinst, N. J., and Regenold, W. T. (2015). A mitochondrial bioenergetic 
basis of depression. J. Bioenerg. Biomembr. 47, 155–171. doi: 10.1007/
s10863-014-9584-6

Knutsen, K. V., Brekke, M., Gjelstad, S., and Lagerløv, P. (2010). Vitamin 
D status in patients with musculoskeletal pain, fatigue and headache: a 
cross-sectional descriptive study in a multi-ethnic general practice in 
Norway. Scand. J. Prim. Health Care 28, 166–171. doi: 
10.3109/02813432.2010.505407

Kodounis, A., Stamboulis, E., Constantinidis, T. S., and Liolios, A. (2005). 
Measurement of autonomic dysregulation in multiple sclerosis. Acta Neurol. 
Scand. 112, 403–408. doi: 10.1111/j.1600-0404.2005.00446.x

Konsman, J. P., Parnet, P., and Dantzer, R. (2002). Cytokine-induced sickness 
behaviour: mechanisms and implications. Trends Neurosci. 25, 154–159. doi: 
10.1016/S0166-2236(00)02088-9

Krbot Skorić, M., Crnošija, L., Adamec, I., Barun, B., Gabelić, T., Smoljo, T., 
et al. (2019). Autonomic symptom burden is an independent contributor 
to multiple sclerosis related fatigue. Clin. Auton. Res. 29, 321–328. doi: 
10.1007/s10286-018-0563-6

Krupp, L. B. (1989). The fatigue severity scale: application to patients with 
multiple sclerosis and systemic lupus erythematosus. Arch. Neurol. 46:1121. 
doi: 10.1001/archneur.1989.00520460115022

Kujawski, S., Cossington, J., Słomko, J., Zawadka-Kunikowska, M., Tafil-Klawe, M., 
Klawe, J., et al. (2021). Relationship between cardiopulmonary, mitochondrial 
and autonomic nervous system function improvement after an individualised 
activity programme upon chronic fatigue syndrome patients. J. Clin. Med. 
10:1542. doi: 10.3390/jcm10071542

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1055/a-0802-9175
https://doi.org/10.1111/j.1440-1819.1996.tb00573.x
https://doi.org/10.1016/S0165-0327(02)00067-8
https://doi.org/10.1093/geronb/52B.4.P167
https://doi.org/10.1371/journal.pone.0084391
https://doi.org/10.1371/journal.pone.0084391
https://doi.org/10.1590/0004-2730000003492
https://doi.org/10.2967/jnumed.111.097014
https://doi.org/10.1038/npp.2014.25
https://doi.org/10.1016/0165-1781(93)90031-B
https://doi.org/10.1016/j.biopsych.2009.03.007
https://doi.org/10.1016/j.biopsych.2009.03.007
https://doi.org/10.1016/j.biopsych.2014.09.023
https://doi.org/10.1136/jnnp.2005.065805
https://doi.org/10.1136/jnnp.2005.065805
https://doi.org/10.1007/s00259-013-2636-z
https://doi.org/10.1111/j.1468-1331.2006.01132.x
https://doi.org/10.1186/1477-7525-5-12
https://doi.org/10.1002/jcla.20325
https://doi.org/10.1002/jcla.20217
https://doi.org/10.1002/jcla.20217
https://doi.org/10.1016/j.euroneuro.2019.06.010
https://doi.org/10.1016/j.mito.2013.05.005
https://doi.org/10.1016/j.jpainsymman.2007.03.009
https://doi.org/10.1074/jbc.M501527200
https://doi.org/10.1111/j.1365-2796.2011.02488.x
https://doi.org/10.1207/S15327558IJBM0904_03
https://doi.org/10.1001/jamapsychiatry.2015.1977
https://doi.org/10.1001/jamapsychiatry.2015.1977
https://doi.org/10.1111/j.1749-6632.2010.05800.x
https://doi.org/10.1123/jsep.32.2.253
https://doi.org/10.1038/tp.2014.44
https://doi.org/10.1016/j.bbi.2016.04.001
https://doi.org/10.1016/j.bbi.2016.04.001
https://doi.org/10.3389/fimmu.2017.00021
https://doi.org/10.3109/01674821003770606
https://doi.org/10.1007/s10863-014-9584-6
https://doi.org/10.1007/s10863-014-9584-6
https://doi.org/10.3109/02813432.2010.505407
https://doi.org/10.1111/j.1600-0404.2005.00446.x
https://doi.org/10.1016/S0166-2236(00)02088-9
https://doi.org/10.1007/s10286-018-0563-6
https://doi.org/10.1001/archneur.1989.00520460115022
https://doi.org/10.3390/jcm10071542


Filippi et al. Link Between Sensations and Metabolism

Frontiers in Psychology | www.frontiersin.org 17 June 2022 | Volume 13 | Article 920556

Kuratsune, H., Yamaguti, K., Takahashi, M., Misaki, H., Tagawa, S., and Kitani, T. 
(1994). Acylcarnitine deficiency in chronic fatigue syndrome. Clin. Infect. 
Dis. 18, S62–S67. doi: 10.1093/clinids/18.Supplement_1.S62

Kurup, R. K., and Kurup, P. A. (2003a). Isoprenoid pathway dysfunction in 
chronic fatigue syndrome. Acta Neuropsychiatr. 15, 266–273. doi: 10.1034/j.
1601-5215.2003.00045.x

Kurup, R. K., and Kurup, P. A. (2003b). Hypothalamic digoxin, cerebral chemical 
dominance and myalgic encephalomyelitis. Int. J. Neurosci. 113, 683–701. 
doi: 10.1080/00207450390200026

Lambert, G., Reid, C., Kaye, D., Jennings, G., and Esler, M. (2002). Effect of 
sunlight and season on serotonin turnover in the brain. Lancet 360, 1840–1842. 
doi: 10.1016/S0140-6736(02)11737-5

Lanza, I. R., and Nair, K. S. (2010). Mitochondrial metabolic function assessed 
in  vivo and in  vitro: Curr. Opin. Clin. Nutr. Metab. Care 13, 511–517. doi: 
10.1097/MCO.0b013e32833cc93d

Lasselin, J., Layé, S., Dexpert, S., Aubert, A., Gonzalez, C., Gin, H., et al. 
(2012). Fatigue symptoms relate to systemic inflammation in patients with 
type 2 diabetes. Brain Behav. Immun. 26, 1211–1219. doi: 10.1016/j.
bbi.2012.03.003

Lawson, N., Hsieh, C.-H., March, D., and Wang, X. (2016). Elevated energy 
production in chronic fatigue syndrome patients. J. Nat. Sci. 2:e221.

Lee, J.-Y., Takahashi, N., Yasubuchi, M., Kim, Y.-I., Hashizaki, H., Kim, M.-J., 
et al. (2012). Triiodothyronine induces UCP-1 expression and mitochondrial 
biogenesis in human adipocytes. Am. J. Physiol.-Cell Physiol. 302, C463–C472. 
doi: 10.1152/ajpcell.00010.2011

Legrand, F. D., Race, M., and Herring, M. P. (2018). Acute effects of 
outdoor and indoor exercise on feelings of energy and fatigue in people 
with depressive symptoms. J. Environ. Psychol. 56, 91–96. doi: 10.1016/j.
jenvp.2018.03.005

Licht, C. M. M., de Geus, E. J. C., and Penninx, B. W. J. H. (2013). 
Dysregulation of the autonomic nervous system predicts the development 
of the metabolic syndrome. J. Clin. Endocrinol. Metab. 98, 2484–2493. 
doi: 10.1210/jc.2012-3104

Liguori, I., Russo, G., Curcio, F., Bulli, G., Aran, L., Della-Morte, D., et al. 
(2018). Oxidative stress, aging, and diseases. Clin. Interv. Aging 13, 757–772. 
doi: 10.2147/CIA.S158513

Lim, J., Ebstein, R., Tse, C.-Y., Monakhov, M., Lai, P. S., Dinges, D. F., et al. 
(2012). Dopaminergic polymorphisms associated with time-on-task declines 
and fatigue in the psychomotor vigilance test. PLoS One 7:e33767. doi: 
10.1371/journal.pone.0033767

Lim, W., Hong, S., Nelesen, R., and Dimsdale, J. E. (2005). The association 
of obesity, cytokine levels, and depressive symptoms with diverse measures 
of fatigue in healthy subjects. Arch. Intern. Med. 165, 910–915. doi: 10.1001/
archinte.165.8.910

Liu, L., Mills, P. J., Rissling, M., Fiorentino, L., Natarajan, L., Dimsdale, J. E., 
et al. (2012). Fatigue and sleep quality are associated with changes in 
inflammatory markers in breast cancer patients undergoing chemotherapy. 
Brain Behav. Immun. 26, 706–713. doi: 10.1016/j.bbi.2012.02.001

Loewy, A. D. (1990). “Central autonomic pathways,” in Central Regulation of 
Autonomic Functions. Oxford: Oxford University Press.

López, M., and Tena-Sempere, M. (2015). Estrogens and the control of energy 
homeostasis: a brain perspective. Trends Endocrinol. Metab. 26, 411–421. 
doi: 10.1016/j.tem.2015.06.003

Lott, D. C., Kim, S.-J., Cook, E. H., and de Wit, H. (2005). Dopamine transporter 
gene associated with diminished subjective response to amphetamine. 
Neuropsychopharmacology 30, 602–609. doi: 10.1038/sj.npp.1300637

Loy, B. D., Cameron, M. H., and O’Connor, P. J. (2018). Perceived fatigue and 
energy are independent unipolar states: supporting evidence. Med. Hypotheses 
113, 46–51. doi: 10.1016/j.mehy.2018.02.014

Loy, B. D., and O’Connor, P. J. (2016). The effect of histamine on changes in 
mental energy and fatigue after a single bout of exercise. Physiol. Behav. 
153, 7–18. doi: 10.1016/j.physbeh.2015.10.016

Loy, B. D., O’Connor, P. J., and Dishman, R. K. (2013). The effect of a single 
bout of exercise on energy and fatigue states: a systematic review and 
meta-analysis. Fatigue: Biomed. Health Behav. 1, 223–242. doi: 
10.1080/21641846.2013.843266

Maes, M., Mihaylova, I., Kubera, M., Uytterhoeven, M., Vrydags, N., and 
Bosmans, E. (2009a). Lower plasma coenzyme Q10 in depression: a marker 
for treatment resistance and chronic fatigue in depression and a risk factor 

to cardiovascular disorder in that illness. Neuro Endocrinol. Lett. 30, 
462–469.

Maes, M., Mihaylova, I., Kubera, M., Uytterhoeven, M., Vrydags, N., and Bosmans, E. 
(2009b). Coenzyme Q10 deficiency in myalgic encephalomyelitis/chronic fatigue 
syndrome (ME/CFS) is related to fatigue, autonomic and neurocognitive 
symptoms and is another risk factor explaining the early mortality in ME/
CFS due to cardiovascular disorder. Neuro Endocrinol. Lett. 30, 470–476.

Maridakis, V., Herring, M. P., and O’Connor, P. J. (2009a). Sensitivity to change 
in cognitive performance and mood measures of energy and fatigue in 
response to differing doses of caffeine or breakfast. Int. J. Neurosci. 119, 
975–994. doi: 10.1080/00207450802333995

Maridakis, V., O’Connor, P. J., and Tomporowski, P. D. (2009b). Sensitivity to 
change in cognitive performance and mood measures of energy and fatigue 
in response to morning caffeine alone or in combination with carbohydrate. 
Int. J. Neurosci. 119, 1239–1258. doi: 10.1080/00207450802333987

Marx, W., Teleni, L., Opie, R., Kelly, J., Marshall, S., Itsiopoulos, C., et al. 
(2017). Efficacy and effectiveness of carnitine supplementation for cancer-
related fatigue: a systematic literature review and Meta-analysis. Nutrients 
9:1224. doi: 10.3390/nu9111224

Mattson, M. P. (2014). Challenging oneself intermittently to improve health. 
Dose-Response 12, 600–618. doi: 10.2203/dose-response.14-028.Mattson

Mavioglu, R.N., Mack, M., Behnke, A., and Kolassa, I.-T., (2021). Oxygen: 
mitochondrial fuel as a missing link in depressive pathophysiology. PsyArXiv 
[Preprint]. doi: 10.31234/osf.io/m5t3h

McAninch, E. A., and Bianco, A. C. (2014). Thyroid hormone signaling in 
energy homeostasis and energy metabolism. Ann. N. Y. Acad. Sci. 1311, 
77–87. doi: 10.1111/nyas.12374

McArdle, A., McArdle, F., Jackson, M. J., Page, S. F., Fahal, I., and Edwards, R. H. 
T. (1996). Investigation by polymerase chain reaction of enteroviral infection 
in patients with chronic fatigue syndrome. Clin. Sci. 90, 295–300. doi: 
10.1042/cs0900295

Mccully, K. K., and Natelson, B. H. (1999). Impaired oxygen delivery to 
muscle in chronic fatigue syndrome. Clin. Sci. 97:603. doi: 10.1042/CS19980372

Meeusen, R., Watson, P., Hasegawa, H., Roelands, B., and Piacentini, M. F. 
(2006). Central fatigue: the serotonin hypothesis and Beyond. Sports Med. 
36, 881–909. doi: 10.2165/00007256-200636100-00006

Mehrabani, S., Askari, G., Miraghajani, M., Tavakoly, R., and Arab, A. (2019). 
Effect of coenzyme Q10 supplementation on fatigue: a systematic review 
of interventional studies. Complement. Ther. Med. 43, 181–187. doi: 10.1016/j.
ctim.2019.01.022

Mendonça, D. A., Menezes, K., and Jog, M. S. (2007). Methylphenidate improves 
fatigue scores in Parkinson disease: a randomized controlled trial. Mov. 
Disord. 22, 2070–2076. doi: 10.1002/mds.21656

Mendoza, T. R., Wang, X. S., Cleeland, C. S., Morrissey, M., Johnson, B. A., 
Wendt, J. K., et al. (1999). The rapid assessment of fatigue severity in 
cancer patients: use of the brief fatigue inventory. Cancer 85, 1186–1196. 
doi: 10.1002/(SICI)1097-0142(19990301)85:5<1186::AID-CNCR24>3.0.CO;2-N

Merkelbach, S., Haensch, C.-A., Hemmer, B., Koehler, J., König, N. H., and 
Ziemssen, T. (2006). Multiple sclerosis and the autonomic nervous system. 
J. Neurol. 253, i21–i25. doi: 10.1007/s00415-006-1105-z

Messick, S. (1966). The psychology of acquiescence: an interpretation of research 
evidence. ETS Res. Rep. Ser. 1966, i–44. doi: 10.1002/j.2333-8504. 
1966.tb00357.x

Missailidis, D., Annesley, S. J., Allan, C. Y., Sanislav, O., Lidbury, B. A., 
Lewis, D. P., et al. (2020). An isolated complex V inefficiency and dysregulated 
mitochondrial function in immortalized lymphocytes from ME/CFS patients. 
Int. J. Mol. Sci. 21:1074. doi: 10.3390/ijms21031074

Miwa, K., and Fujita, M. (2010). Fluctuation of serum vitamin E (α-tocopherol) 
concentrations during exacerbation and remission phases in patients with 
chronic fatigue syndrome. Heart Vessel. 25, 319–323. doi: 10.1007/
s00380-009-1206-6

Mizuno, K., Tanaka, M., Tanabe, H. C., Sadato, N., and Watanabe, Y. (2012). 
The neural substrates associated with attentional resources and difficulty of 
concurrent processing of the two verbal tasks. Neuropsychologia 50, 1998–2009. 
doi: 10.1016/j.neuropsychologia.2012.04.025

Mizuno, K., Tanaka, M., Yamaguti, K., Kajimoto, O., Kuratsune, H., and 
Watanabe, Y. (2011). Mental fatigue caused by prolonged cognitive load 
associated with sympathetic hyperactivity. Behav. Brain Funct. 7:17. doi: 
10.1186/1744-9081-7-17

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1093/clinids/18.Supplement_1.S62
https://doi.org/10.1034/j.1601-5215.2003.00045.x
https://doi.org/10.1034/j.1601-5215.2003.00045.x
https://doi.org/10.1080/00207450390200026
https://doi.org/10.1016/S0140-6736(02)11737-5
https://doi.org/10.1097/MCO.0b013e32833cc93d
https://doi.org/10.1016/j.bbi.2012.03.003
https://doi.org/10.1016/j.bbi.2012.03.003
https://doi.org/10.1152/ajpcell.00010.2011
https://doi.org/10.1016/j.jenvp.2018.03.005
https://doi.org/10.1016/j.jenvp.2018.03.005
https://doi.org/10.1210/jc.2012-3104
https://doi.org/10.2147/CIA.S158513
https://doi.org/10.1371/journal.pone.0033767
https://doi.org/10.1001/archinte.165.8.910
https://doi.org/10.1001/archinte.165.8.910
https://doi.org/10.1016/j.bbi.2012.02.001
https://doi.org/10.1016/j.tem.2015.06.003
https://doi.org/10.1038/sj.npp.1300637
https://doi.org/10.1016/j.mehy.2018.02.014
https://doi.org/10.1016/j.physbeh.2015.10.016
https://doi.org/10.1080/21641846.2013.843266
https://doi.org/10.1080/00207450802333995
https://doi.org/10.1080/00207450802333987
https://doi.org/10.3390/nu9111224
https://doi.org/10.2203/dose-response.14-028.Mattson
https://doi.org/10.1111/nyas.12374
https://doi.org/10.1042/cs0900295
https://doi.org/10.1042/CS19980372
https://doi.org/10.2165/00007256-200636100-00006
https://doi.org/10.1016/j.ctim.2019.01.022
https://doi.org/10.1016/j.ctim.2019.01.022
https://doi.org/10.1002/mds.21656
https://doi.org/10.1002/(SICI)1097-0142(19990301)85:5<1186::AID-CNCR24>3.0.CO;2-N
https://doi.org/10.1007/s00415-006-1105-z
https://doi.org/10.1002/j.2333-8504.1966.tb00357.x
https://doi.org/10.1002/j.2333-8504.1966.tb00357.x
https://doi.org/10.3390/ijms21031074
https://doi.org/10.1007/s00380-009-1206-6
https://doi.org/10.1007/s00380-009-1206-6
https://doi.org/10.1016/j.neuropsychologia.2012.04.025
https://doi.org/10.1186/1744-9081-7-17


Filippi et al. Link Between Sensations and Metabolism

Frontiers in Psychology | www.frontiersin.org 18 June 2022 | Volume 13 | Article 920556

Moretti, A., Gorini, A., and Villa, R. F. (2003). Affective disorders, antidepressant 
drugs and brain metabolism. Mol. Psychiatry 8, 773–785. doi: 10.1038/sj.mp.4001353

Morris, G., and Maes, M. (2014). Mitochondrial dysfunctions in Myalgic 
encephalomyelitis/chronic fatigue syndrome explained by activated immuno-
inflammatory, oxidative and nitrosative stress pathways. Metab. Brain Dis. 
29, 19–36. doi: 10.1007/s11011-013-9435-x

Moss, R. B., Mercandetti, A., and Vojdani, A. (1999). TNF-alpha and chronic 
fatigue syndrome. J. Clin. Immunol. 19, 314–316. doi: 10.1023/A:1020595709352

Mueller, C., Lin, J. C., Sheriff, S., Maudsley, A. A., and Younger, J. W. (2020). 
Evidence of widespread metabolite abnormalities in Myalgic 
encephalomyelitis/chronic fatigue syndrome: assessment with whole-brain 
magnetic resonance spectroscopy. Brain Imaging Behav. 14, 562–572. doi: 
10.1007/s11682-018-0029-4

Müller, H., de Toledo, F. W., and Resch, K. L. (2001). Fasting followed by 
vegetarian diet in patients with rheumatoid arthritis: a systematic review. 
Scand. J. Rheumatol. 30, 1–10. doi: 10.1080/030097401750065256

Myhill, S., Booth, N. E., and McLaren-Howard, J. (2009). Chronic fatigue 
syndrome and mitochondrial dysfunction. Int. J. Clin. Exp. Med. 2, 1–16. 
PMID: 19436827

Myhill, S., Booth, N. E., and McLaren-Howard, J. (2013). Targeting mitochondrial 
dysfunction in the treatment of Myalgic encephalomyelitis/chronic fatigue 
syndrome (ME/CFS): a clinical audit. Int. J. Clin. Exp. Med. 6, 1–15.

Nakatomi, Y., Mizuno, K., Ishii, A., Wada, Y., Tanaka, M., Tazawa, S., et al. 
(2014). Neuroinflammation in patients with chronic fatigue syndrome/Myalgic 
encephalomyelitis: an 11 C-(R)-PK11195 PET study. J. Nucl. Med. 55, 945–950. 
doi: 10.2967/jnumed.113.131045

Nedergaard, J., and Cannon, B. (2010). The changed metabolic world with 
human brown adipose tissue: therapeutic visions. Cell Metab. 11, 268–272. 
doi: 10.1016/j.cmet.2010.03.007

Nelson, M. J., Bahl, J. S., Buckley, J. D., Thomson, R. L., and Davison, K. 
(2019). Evidence of altered cardiac autonomic regulation in myalgic 
encephalomyelitis/chronic fatigue syndrome: a systematic review and meta-
analysis. Medicine 98:e17600. doi: 10.1097/MD.0000000000017600

Okada, T., Tanaka, M., Kuratsune, H., Watanabe, Y., and Sadato, N. (2004). 
Mechanisms underlying fatigue: a voxel-based morphometric study of chronic 
fatigue syndrome. BMC Neurol. 4:14. doi: 10.1186/1471-2377-4-14

Oppenheimer, J. H., Schwartz, H. L., Mariash, C. N., Kinlaw, W. B., Wong, N. C. 
W., and Freake, H. C. (1987). Advances in our understanding of thyroid 
hormone action at the cellular level*. Endocr. Rev. 8, 288–308. doi: 10.1210/
edrv-8-3-288

Orre, I. J., Reinertsen, K. V., Aukrust, P., Dahl, A. A., Fosså, S. D., Ueland, T., 
et al. (2011). Higher levels of fatigue are associated with higher CRP levels 
in disease-free breast cancer survivors. J. Psychosom. Res. 71, 136–141. doi: 
10.1016/j.jpsychores.2011.04.003

Østergaard, L., Jørgensen, M. B., and Knudsen, G. M. (2018). Low on energy? 
An energy supply-demand perspective on stress and depression. Neurosci. 
Biobehav. Rev. 94, 248–270. doi: 10.1016/j.neubiorev.2018.08.007

Pardini, M., Bonzano, L., Mancardi, G. L., and Roccatagliata, L. (2010). Frontal 
networks play a role in fatigue perception in multiple sclerosis. Behav. 
Neurosci. 124, 329–336. doi: 10.1037/a0019585

Parikh, S., Galioto, R., Lapin, B., Haas, R., Hirano, M., Koenig, M. K., et al. 
(2019). Fatigue in primary genetic mitochondrial disease: no rest for the 
weary. Neuromuscul. Disord. 29, 895–902. doi: 10.1016/j.nmd.2019.09.012

Patarca, R., Klimas, N. G., Lugtendorf, S., Antoni, M., and Fletcher, M. A. 
(1994). Dysregulated expression of tumor necrosis factor in chronic fatigue 
syndrome: interrelations with cellular sources and patterns of soluble immune 
mediator expression. Clin. Infect. Dis. 18, S147–S153. doi: 10.1093/clinids/18.
Supplement_1.S147

Patrick Neary, J., Roberts, A. D. W., Leavins, N., Harrison, M. F., Croll, J. C., 
and Sexsmith, J. R. (2008). Prefrontal cortex oxygenation during incremental 
exercise in chronic fatigue syndrome. Clin. Physiol. Funct. Imaging 28, 
364–372. doi: 10.1111/j.1475-097X.2008.00822.x

Pattyn, N., Van Cutsem, J., Dessy, E., and Mairesse, O. (2018). Bridging exercise 
science, cognitive psychology, and medical practice: is “cognitive fatigue” a 
remake of “The Emperor’s new clothes”? Front. Psychol. 9:1246. doi: 10.3389/
fpsyg.2018.01246

Pavese, N., Metta, V., Bose, S. K., Chaudhuri, K. R., and Brooks, D. J. (2010). 
Fatigue in Parkinson’s disease is linked to striatal and limbic serotonergic 
dysfunction. Brain 133, 3434–3443. doi: 10.1093/brain/awq268

Penner, I.-K., and Paul, F. (2017). Fatigue as a symptom or comorbidity of neurological 
diseases. Nat. Rev. Neurol. 13, 662–675. doi: 10.1038/nrneurol.2017.117

Peterson, D., Brenu, E. W., Gottschalk, G., Ramos, S., Nguyen, T., Staines, D., 
et al. (2015). Cytokines in the cerebrospinal fluids of patients with chronic 
fatigue syndrome/Myalgic encephalomyelitis. Mediat. Inflamm. 2015, 1–4. 
doi: 10.1155/2015/929720

Picard, M., McEwen, B. S., Epel, E. S., and Sandi, C. (2018). An energetic 
view of stress: focus on mitochondria. Front. Neuroendocrinol. 49, 72–85. 
doi: 10.1016/j.yfrne.2018.01.001

Pineda, R., Torres, E., and Tena-Sempere, M. (2021). Extrahypothalamic control 
of energy balance and its connection with reproduction: roles of the amygdala. 
Meta 11:837. doi: 10.3390/metabo11120837

Plioplys, A. V., and Plioplys, S. (1995a). Serum levels of carnitine in chronic 
fatigue syndrome: clinical correlates. Neuropsychobiology 32, 132–138. doi: 
10.1159/000119226

Plioplys, A. V., and Plioplys, S. (1995b). Electron-microscopic investigation of 
muscle mitochondria in chronic fatigue syndrome. Neuropsychobiology 32, 
175–181. doi: 10.1159/000119233

Pravatà, E., Zecca, C., Sestieri, C., Caulo, M., Riccitelli, G. C., Rocca, M. A., 
et al. (2016). Hyperconnectivity of the dorsolateral prefrontal cortex following 
mental effort in multiple sclerosis patients with cognitive fatigue. Mult. 
Scler. J. 22, 1665–1675. doi: 10.1177/1352458515625806

Puetz, T. W., Flowers, S. S., and O’Connor, P. J. (2008). A randomized controlled 
trial of the effect of aerobic exercise training on feelings of energy and 
fatigue in sedentary young adults with persistent fatigue. Psychother. Psychosom. 
77, 167–174. doi: 10.1159/000116610

Qaid, M. M., and Abdelrahman, M. M. (2016). Role of insulin and other 
related hormones in energy metabolism: a review. Cogent Food Agric. 
2:1267691. doi: 10.1080/23311932.2016.1267691

Raffaghello, L., Safdie, F., Bianchi, G., Dorff, T., Fontana, L., and Longo, V. D. 
(2010). Fasting and differential chemotherapy protection in patients. Cell 
Cycle 9, 4474–4476. doi: 10.4161/cc.9.22.13954

Raison, C. L., Lin, J.-M. S., and Reeves, W. C. (2009). Association of peripheral 
inflammatory markers with chronic fatigue in a population-based sample. 
Brain Behav. Immun. 23, 327–337. doi: 10.1016/j.bbi.2008.11.005

Rango, M., Arighi, A., Bonifati, C., Del Bo, R., Comi, G., and Bresolin, N. 
(2014). The brain is hypothermic in patients with mitochondrial diseases. 
J. Cereb. Blood Flow Metab. 34, 915–920. doi: 10.1038/jcbfm.2014.38

Reuter, S. E., and Evans, A. M. (2011). Long-chain acylcarnitine deficiency in 
patients with chronic fatigue syndrome. Potential involvement of altered 
carnitine palmitoyltransferase-I activity: acylcarnitine deficiency in CFS. J. 
Intern. Med. 270, 76–84. doi: 10.1111/j.1365-2796.2010.02341.x

Richards, R. S., Roberts, T. K., McGregor, N. R., Dunstan, R. H., and Butt, H. L. 
(2000). Blood parameters indicative of oxidative stress are associated with 
symptom expression in chronic fatigue syndrome. Redox Rep. 5, 35–41. doi: 
10.1179/rer.2000.5.1.35

Rodríguez-Aguilera, J., Cortés, A., Fernández-Ayala, D., and Navas, P. (2017). 
Biochemical assessment of coenzyme Q10 deficiency. J. Clin. Med. 6:27. 
doi: 10.3390/jcm6030027

Roelcke, U., Kappos, L., Lechner-Scott, J., Brunnschweiler, H., Huber, S., 
Ammann, W., et al. (1997). Reduced glucose metabolism in the frontal 
cortex and basal ganglia of multiple sclerosis patients with fatigue: a 18 
F-fluorodeoxyglucose positron emission tomography study. Neurology 48, 
1566–1571. doi: 10.1212/WNL.48.6.1566

Roh, E., and Kim, M.-S. (2016). Brain regulation of energy metabolism. Endocrinol. 
Metab. 31, 519–524. doi: 10.3803/EnM.2016.31.4.519

Rothman, S. M., Griffioen, K. J., Wan, R., and Mattson, M. P. (2012). Brain-
derived neurotrophic factor as a regulator of systemic and brain energy 
metabolism and cardiovascular health. Ann. N. Y. Acad. Sci. 1264, 49–63. 
doi: 10.1111/j.1749-6632.2012.06525.x

Roy, S., Sherman, A., Monari-Sparks, M., Schweiker, O., and Hunter, K. (2014). 
Correction of low vitamin D improves fatigue: effect of correction of low 
vitamin D in fatigue study (EViDiF study). North Am. J. Med. Sci. 6, 396–402. 
doi: 10.4103/1947-2714.139291

Rusecka, J., Kaliszewska, M., Bartnik, E., and Tońska, K. (2018). Nuclear genes 
involved in mitochondrial diseases caused by instability of mitochondrial 
DNA. J. Appl. Genet. 59, 43–57. doi: 10.1007/s13353-017-0424-3

Russell, J. A., and Carroll, J. M. (1999). On the bipolarity of positive and 
negative affect. Psychol. Bull. 125, 3–30. doi: 10.1037/0033-2909.125.1.3

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1038/sj.mp.4001353
https://doi.org/10.1007/s11011-013-9435-x
https://doi.org/10.1023/A:1020595709352
https://doi.org/10.1007/s11682-018-0029-4
https://doi.org/10.1080/030097401750065256
https://doi.org/19436827
https://doi.org/10.2967/jnumed.113.131045
https://doi.org/10.1016/j.cmet.2010.03.007
https://doi.org/10.1097/MD.0000000000017600
https://doi.org/10.1186/1471-2377-4-14
https://doi.org/10.1210/edrv-8-3-288
https://doi.org/10.1210/edrv-8-3-288
https://doi.org/10.1016/j.jpsychores.2011.04.003
https://doi.org/10.1016/j.neubiorev.2018.08.007
https://doi.org/10.1037/a0019585
https://doi.org/10.1016/j.nmd.2019.09.012
https://doi.org/10.1093/clinids/18.Supplement_1.S147
https://doi.org/10.1093/clinids/18.Supplement_1.S147
https://doi.org/10.1111/j.1475-097X.2008.00822.x
https://doi.org/10.3389/fpsyg.2018.01246
https://doi.org/10.3389/fpsyg.2018.01246
https://doi.org/10.1093/brain/awq268
https://doi.org/10.1038/nrneurol.2017.117
https://doi.org/10.1155/2015/929720
https://doi.org/10.1016/j.yfrne.2018.01.001
https://doi.org/10.3390/metabo11120837
https://doi.org/10.1159/000119226
https://doi.org/10.1159/000119233
https://doi.org/10.1177/1352458515625806
https://doi.org/10.1159/000116610
https://doi.org/10.1080/23311932.2016.1267691
https://doi.org/10.4161/cc.9.22.13954
https://doi.org/10.1016/j.bbi.2008.11.005
https://doi.org/10.1038/jcbfm.2014.38
https://doi.org/10.1111/j.1365-2796.2010.02341.x
https://doi.org/10.1179/rer.2000.5.1.35
https://doi.org/10.3390/jcm6030027
https://doi.org/10.1212/WNL.48.6.1566
https://doi.org/10.3803/EnM.2016.31.4.519
https://doi.org/10.1111/j.1749-6632.2012.06525.x
https://doi.org/10.4103/1947-2714.139291
https://doi.org/10.1007/s13353-017-0424-3
https://doi.org/10.1037/0033-2909.125.1.3


Filippi et al. Link Between Sensations and Metabolism

Frontiers in Psychology | www.frontiersin.org 19 June 2022 | Volume 13 | Article 920556

Sabir, M. S., Haussler, M. R., Mallick, S., Kaneko, I., Lucas, D. A., Haussler, C. A., 
et al. (2018). Optimal vitamin D spurs serotonin: 1,25-dihydroxyvitamin D 
represses serotonin reuptake transport (SERT) and degradation (MAO-A) 
gene expression in cultured rat serotonergic neuronal cell lines. Genes Nutr. 
13:19. doi: 10.1186/s12263-018-0605-7

Sasahara, I., Fujimura, N., Nozawa, Y., Furuhata, Y., and Sato, H. (2015). The 
effect of histidine on mental fatigue and cognitive performance in subjects 
with high fatigue and sleep disruption scores. Physiol. Behav. 147, 238–244. 
doi: 10.1016/j.physbeh.2015.04.042

Schmaling, K. B., Lewis, D. H., Fiedelak, J. I., Mahurin, R., and Buchwald, D. S. 
(2003). Single-photon emission computerized tomography and neurocognitive 
function in patients with chronic fatigue syndrome. Psychosom. Med. 65, 
129–136. doi: 10.1097/01.PSY.0000038942.33335.9B

Schubert, C., Hong, S., Natarajan, L., Mills, P. J., and Dimsdale, J. E. (2007). 
The association between fatigue and inflammatory marker levels in cancer 
patients: a quantitative review. Brain Behav. Immun. 21, 413–427. doi: 
10.1016/j.bbi.2006.11.004

Segal, B., Thomas, W., Zhu, X., Diebes, A., McElvain, G., Baechler, E., et al. 
(2012). Oxidative stress and fatigue in systemic lupus erythematosus. Lupus 
21, 984–992. doi: 10.1177/0961203312444772

Sepulcre, J., Masdeu, J., Goñi, J., Arrondo, G., Vélez de Mendizábal, N., 
Bejarano, B., et al. (2009). Fatigue in multiple sclerosis is associated with 
the disruption of frontal and parietal pathways. Mult. Scler. J. 15, 337–344. 
doi: 10.1177/1352458508098373

Skau, S., Sundberg, K., and Kuhn, H.-G. (2021). A proposal for a unifying 
set of definitions of fatigue. Front. Psychol. 12:739764. doi: 10.3389/
fpsyg.2021.739764

Smets, E. M. A., Garssen, B., Bonke, B., and De Haes, J. C. J. M. (1995). The 
multidimensional fatigue inventory (MFI) psychometric qualities of an 
instrument to assess fatigue. J. Psychosom. Res. 39, 315–325. doi: 
10.1016/0022-3999(94)00125-O

Smith, A. K., Dimulescu, I., Falkenberg, V. R., Narasimhan, S., Heim, C., 
Vernon, S. D., et al. (2008). Genetic evaluation of the serotonergic system 
in chronic fatigue syndrome. Psychoneuroendocrinology 33, 188–197. doi: 
10.1016/j.psyneuen.2007.11.001

Smits, B., van den Heuvel, L., Knoop, H., Küsters, B., Janssen, A., Borm, G., 
et al. (2011). Mitochondrial enzymes discriminate between mitochondrial 
disorders and chronic fatigue syndrome. Mitochondrion 11, 735–738. doi: 
10.1016/j.mito.2011.05.005

Soetekouw, P. (2000). Normal carnitine levels in patients with chronic fatigue 
syndrome. Neth. J. Med. 57, 20–24. doi: 10.1016/S0300-2977(00)00030-9

Starkov, A. A. (2008). The role of mitochondria in reactive oxygen species 
metabolism and signaling. Ann. N. Y. Acad. Sci. 1147, 37–52. doi: 10.1196/
annals.1427.015

Stefely, J. A., and Pagliarini, D. J. (2017). Biochemistry of mitochondrial 
coenzyme Q biosynthesis. Trends Biochem. Sci. 42, 824–843. doi: 10.1016/j.
tibs.2017.06.008

Stein, K. D., Jacobsen, P. B., Blanchard, C. M., and Thors, C. (2004). Further 
validation of the multidimensional fatigue symptom inventory-short form. 
J. Pain Symptom Manag. 27, 14–23. doi: 10.1016/j.jpainsymman.2003.06.003

Stein, K. D., Martin, S. C., Hann, D. M., and Jacobsen, P. B. (1998). A 
multidimensional measure of fatigue for use with cancer patients. Cancer 
Pract. 6, 143–152. doi: 10.1046/j.1523-5394.1998.006003143.x

Szabo, A., Kovacs, A., Frecska, E., and Rajnavolgyi, E. (2014). Psychedelic 
N,N-dimethyltryptamine and 5-methoxy-N,N-dimethyltryptamine modulate 
innate and adaptive inflammatory responses through the sigma-1 receptor 
of human monocyte-derived dendritic cells. PLoS One 9:e106533. doi: 10.1371/
journal.pone.0106533

Szabo, A., Kovacs, A., Riba, J., Djurovic, S., Rajnavolgyi, E., and Frecska, E. 
(2016). The endogenous hallucinogen and trace amine N,N-dimethyltryptamine 
(DMT) displays potent protective effects against hypoxia via Sigma-1 receptor 
activation in human primary iPSC-derived cortical neurons and microglia-
Like immune cells. Front. Neurosci. 10:423. doi: 10.3389/fnins.2016.00423

Tanaka, M., Mizuno, K., Tajima, S., Sasabe, T., and Watanabe, Y. (2009). Central 
nervous system fatigue alters autonomic nerve activity. Life Sci. 84, 235–239. 
doi: 10.1016/j.lfs.2008.12.004

Tanaka, M., Mizuno, K., Yamaguti, K., Kuratsune, H., Fujii, A., Baba, H., et al. 
(2011). Autonomic nervous alterations associated with daily level of fatigue. 
Behav. Brain Funct. 7:46. doi: 10.1186/1744-9081-7-46

Tanaka, M., Tajima, S., Mizuno, K., Ishii, A., Konishi, Y., Miike, T., et al. 
(2015). Frontier studies on fatigue, autonomic nerve dysfunction, and sleep-
rhythm disorder. J. Physiol. Sci. 65, 483–498. doi: 10.1007/s12576-015-0399-y

Tejani, A. M., Wasdell, M., Spiwak, R., Rowell, G., and Nathwani, S. (2012). 
Carnitine for fatigue in multiple sclerosis. Cochrane Database Syst. Rev. 
CD007280. doi: 10.1002/14651858.CD007280.pub3

Terry, P. C., Lane, A. M., and Fogarty, G. J. (2003). Construct validity of the 
profile of mood states—adolescents for use with adults. Psychol. Sport Exerc. 
4, 125–139. doi: 10.1016/S1469-0292(01)00035-8

Terry, P. C., Lane, A. M., Lane, H. J., and Keohane, L. (1999). Development 
and validation of a mood measure for adolescents. J. Sports Sci. 17, 861–872. 
doi: 10.1080/026404199365425

Thayer, J. F. (2006). On the importance of inhibition: central and peripheral 
manifestations of nonlinear inhibitory processes in neural systems. Dose-
Response 4, 2–21. doi: 10.2203/dose-response.004.01.002.Thayer

Tirelli, U., Franzini, M., Valdenassi, L., Pandolfi, S., Berretta, M., Ricevuti, G., 
et al. (2021). Patients with Myalgic encephalomyelitis/chronic fatigue syndrome 
(ME/CFS) greatly improved fatigue symptoms when treated with oxygen-
ozone autohemotherapy. J. Clin. Med. 11:29. doi: 10.3390/jcm11010029

Tomas, C., Brown, A. E., Newton, J. L., and Elson, J. L. (2019). Mitochondrial 
complex activity in permeabilised cells of chronic fatigue syndrome patients 
using two cell types. PeerJ 7:e6500. doi: 10.7717/peerj.6500

Tomas, C., Brown, A., Strassheim, V., Elson, J., Newton, J., and Manning, P. 
(2017). Cellular bioenergetics is impaired in patients with chronic fatigue 
syndrome. PLoS One 12:e0186802. doi: 10.1371/journal.pone.0186802

Tur, C. (2016). Fatigue management in multiple sclerosis. Curr. Treat. Options 
Neurol. 18:26. doi: 10.1007/s11940-016-0411-8

Tymoczko, J. L., Berg, J. M., and Stryer, L. (2011). Biochemistry: A Short 
Course. New York: Macmillan.

Valentine, R. J., Woods, J. A., McAuley, E., Dantzer, R., and Evans, E. M. 
(2011). The associations of adiposity, physical activity and inflammation 
with fatigue in older adults. Brain Behav. Immun. 25, 1482–1490. doi: 
10.1016/j.bbi.2011.06.002

van der Schaaf, M. E., De Lange, F. P., Schmits, I. C., Geurts, D. E. M., 
Roelofs, K., van der Meer, J. W. M., et al. (2017). Prefrontal structure varies 
as a function of pain symptoms in chronic fatigue syndrome. Biol. Psychiatry 
81, 358–365. doi: 10.1016/j.biopsych.2016.07.016

van Praag, H. M. (2004). Can stress cause depression? Prog. Neuro-Psychopharmacol. 
Biol. Psychiatry 28, 891–907. doi: 10.1016/j.pnpbp.2004.05.031

Verhoeff, N. P. L. G., Christensen, B. K., Hussey, D., Lee, M., Papatheodorou, G., 
Kopala, L., et al. (2003). Effects of catecholamine depletion on D2 receptor 
binding, mood, and attentiveness in humans: a replication study. Pharmacol. 
Biochem. Behav. 74, 425–432. doi: 10.1016/S0091-3057(02)01028-6

Vermeulen, R. C., Kurk, R. M., Visser, F. C., Sluiter, W., and Scholte, H. R. 
(2010). Patients with chronic fatigue syndrome performed worse than controls 
in a controlled repeated exercise study despite a normal oxidative 
phosphorylation capacity. J. Transl. Med. 8:93. doi: 10.1186/1479-5876-8-93

Vermeulen, R. C., and Vermeulen van Eck, I. W. (2014). Decreased oxygen 
extraction during cardiopulmonary exercise test in patients with chronic 
fatigue syndrome. J. Transl. Med. 12:20. doi: 10.1186/1479-5876-12-20

Vernon, S. D., Whistler, T., Cameron, B., Hickie, I. B., Reeves, W. C., and 
Lloyd, A. (2006). Preliminary evidence of mitochondrial dysfunction associated 
with post-infective fatigue after acute infection with Epstein Barr virus. 
BMC Infect. Dis. 6:15. doi: 10.1186/1471-2334-6-15

Videbech, P. (2000). PET measurements of brain glucose metabolism and blood 
flow in major depressive disorder: a critical review: PET measurements in 
major depressive disorder. Acta Psychiatr. Scand. 101, 11–20. doi: 10.1034/j.
1600-0447.2000.101001011.x

Viebahn-Haensler, R., and León Fernández, O. S. (2021). Ozone in medicine. 
The low-dose ozone concept and its basic biochemical mechanisms of action 
in chronic inflammatory diseases. Int. J. Mol. Sci. 22:7890. doi: 10.3390/
ijms22157890

Vlcek, M., Penesova, A., Imrich, R., Meskova, M., Mravcova, M., Grunnerova, L., 
et al. (2018). Autonomic nervous system response to stressors in newly 
diagnosed patients with multiple sclerosis. Cell. Mol. Neurobiol. 38, 363–370. 
doi: 10.1007/s10571-017-0511-3

Wang, Y., Miller, J. W., Bello, N. T., and Shapses, S. A. (2020). Low-vitamin-D 
diet lowers cerebral serotonin concentration in mature female mice. Nutr. 
Res. 81, 71–80. doi: 10.1016/j.nutres.2020.07.006

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1186/s12263-018-0605-7
https://doi.org/10.1016/j.physbeh.2015.04.042
https://doi.org/10.1097/01.PSY.0000038942.33335.9B
https://doi.org/10.1016/j.bbi.2006.11.004
https://doi.org/10.1177/0961203312444772
https://doi.org/10.1177/1352458508098373
https://doi.org/10.3389/fpsyg.2021.739764
https://doi.org/10.3389/fpsyg.2021.739764
https://doi.org/10.1016/0022-3999(94)00125-O
https://doi.org/10.1016/j.psyneuen.2007.11.001
https://doi.org/10.1016/j.mito.2011.05.005
https://doi.org/10.1016/S0300-2977(00)00030-9
https://doi.org/10.1196/annals.1427.015
https://doi.org/10.1196/annals.1427.015
https://doi.org/10.1016/j.tibs.2017.06.008
https://doi.org/10.1016/j.tibs.2017.06.008
https://doi.org/10.1016/j.jpainsymman.2003.06.003
https://doi.org/10.1046/j.1523-5394.1998.006003143.x
https://doi.org/10.1371/journal.pone.0106533
https://doi.org/10.1371/journal.pone.0106533
https://doi.org/10.3389/fnins.2016.00423
https://doi.org/10.1016/j.lfs.2008.12.004
https://doi.org/10.1186/1744-9081-7-46
https://doi.org/10.1007/s12576-015-0399-y
https://doi.org/10.1002/14651858.CD007280.pub3
https://doi.org/10.1016/S1469-0292(01)00035-8
https://doi.org/10.1080/026404199365425
https://doi.org/10.2203/dose-response.004.01.002.Thayer
https://doi.org/10.3390/jcm11010029
https://doi.org/10.7717/peerj.6500
https://doi.org/10.1371/journal.pone.0186802
https://doi.org/10.1007/s11940-016-0411-8
https://doi.org/10.1016/j.bbi.2011.06.002
https://doi.org/10.1016/j.biopsych.2016.07.016
https://doi.org/10.1016/j.pnpbp.2004.05.031
https://doi.org/10.1016/S0091-3057(02)01028-6
https://doi.org/10.1186/1479-5876-8-93
https://doi.org/10.1186/1479-5876-12-20
https://doi.org/10.1186/1471-2334-6-15
https://doi.org/10.1034/j.1600-0447.2000.101001011.x
https://doi.org/10.1034/j.1600-0447.2000.101001011.x
https://doi.org/10.3390/ijms22157890
https://doi.org/10.3390/ijms22157890
https://doi.org/10.1007/s10571-017-0511-3
https://doi.org/10.1016/j.nutres.2020.07.006


Filippi et al. Link Between Sensations and Metabolism

Frontiers in Psychology | www.frontiersin.org 20 June 2022 | Volume 13 | Article 920556

Wang, C., Trongnetrpunya, A., Samuel, I. B. H., Ding, M., and Kluger, B. M. 
(2016). Compensatory neural activity in response to cognitive fatigue. J. 
Neurosci. 36, 3919–3924. doi: 10.1523/JNEUROSCI.3652-15.2016

Watson, D., and Clark, L. A. (1997). Measurement and mismeasurement of 
mood: recurrent and emergent issues. J. Pers. Assess. 68, 267–296. doi: 
10.1207/s15327752jpa6802_4

Watson, D., Clark, L. A., and Tellegen, A. (1988). Development and validation 
of brief measures of positive and negative affect: the PANAS scales. J. Pers. 
Soc. Psychol. 54, 1063–1070. doi: 10.1037/0022-3514.54.6.1063

Whitehead, L. (2009). The measurement of fatigue in chronic illness: a 
systematic review of unidimensional and multidimensional fatigue 
measures. J. Pain Symptom Manag. 37, 107–128. doi: 10.1016/j.
jpainsymman.2007.08.019

Williams, M. V., Cox, B., Lafuse, W. P., and Ariza, M. E. (2019). Epstein–Barr 
virus dUTPase induces neuroinflammatory mediators: implications for Myalgic 
encephalomyelitis/chronic fatigue syndrome. Clin. Ther. 41, 848–863. doi: 
10.1016/j.clinthera.2019.04.009

Wood, E., Hall, K. H., and Tate, W. (2021). Role of mitochondria, oxidative 
stress and the response to antioxidants in myalgic encephalomyelitis/chronic 
fatigue syndrome: a possible approach to SARS-CoV-2 ‘long-haulers’? Chronic 
Dis. Transl. Med. 7, 14–26. doi: 10.1016/j.cdtm.2020.11.002

Xiao, C., Beitler, J. J., Higgins, K. A., Conneely, K., Dwivedi, B., Felger, J., 
et al. (2016). Fatigue is associated with inflammation in patients with head 
and neck cancer before and after intensity-modulated radiation therapy. 
Brain Behav. Immun. 52, 145–152. doi: 10.1016/j.bbi.2015.10.016

Yamamoto, S., Ouchi, Y., Onoe, H., Yoshikawa, E., Tsukada, H., Takahashi, H., 
et al. (2004). Reduction of serotonin transporters of patients with chronic 
fatigue syndrome. Neuroreport 15, 2571–2574. doi: 10.1097/00001756-2004 
12030-00002

Zick, S. M., Zwickey, H., Wood, L., Foerster, B., Khabir, T., Wright, B., et al. 
(2014). Preliminary differences in peripheral immune markers and brain 
metabolites between fatigued and non-fatigued breast cancer survivors: a 
pilot study. Brain Imaging Behav. 8, 506–516. doi: 10.1007/s11682-013-9270-z

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2022 Filippi, Krähenmann and Fissler. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the original 
author(s) and the copyright owner(s) are credited and that the original publication in 
this journal is cited, in accordance with accepted academic practice. No use, distribution 
or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1523/JNEUROSCI.3652-15.2016
https://doi.org/10.1207/s15327752jpa6802_4
https://doi.org/10.1037/0022-3514.54.6.1063
https://doi.org/10.1016/j.jpainsymman.2007.08.019
https://doi.org/10.1016/j.jpainsymman.2007.08.019
https://doi.org/10.1016/j.clinthera.2019.04.009
https://doi.org/10.1016/j.cdtm.2020.11.002
https://doi.org/10.1016/j.bbi.2015.10.016
https://doi.org/10.1097/00001756-200412030-00002
https://doi.org/10.1097/00001756-200412030-00002
https://doi.org/10.1007/s11682-013-9270-z
http://creativecommons.org/licenses/by/4.0/

	The Link Between Energy-Related Sensations and Metabolism: Implications for Treating Fatigue
	Defining Different Kinds of Energy-Related Sensations
	Defining Sensation of Fatigue and Energy
	Defining Sensations of Fatigability and Energizability

	Energy and Fatigue Sensation: Two Separate Constructs or Two Ends of One Dimension?
	Predictors of Sensation of Energy and Fatigue Are Overlapping but Different
	The Acquiescence Effect May Contribute to Differential Links With Predictors

	Energy Metabolism and Its Regulators
	Mitochondria and Their Assessment: A Brief Overview
	Regulators of Energy Metabolism

	The Link Between Fatigue and Energy Metabolism
	Role of Mitochondrial Bioenergetics for Fatigue
	Mitochondrial Structure
	Mitochondrial Function
	Mitochondrial Energy Metabolism
	Autoimmune Response to Mitochondria
	Role of Oxygen for Fatigue
	Role of the ANS for Fatigue
	Role of Inflammation for Fatigue
	The Association Between Inflammation and Fatigue: Evidence From Physical and Mental Conditions
	How Inflammation Might Affect Fatigue: Mechanisms of Action

	Treatments That Affect Both Energy-Related Sensations and Energy Metabolism
	Summary and Future Directions
	Author Contributions

	References

