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Abstract

Fatigue that persists for 6 months or more is termed chronic fatigue. Chronic fatigue (CF) in 

combination with a minimum of 4 of 8 symptoms and the absence of diseases that could explain 

these symptoms, constitute the case definition for chronic fatigue syndrome/myalgic 

encephalomyelitis (CFS/ME). Inflammation, immune system activation, autonomic dysfunction, 

impaired functioning in the hypothalamic-pituitary-adrenal axis, and neuroendocrine dysregulation 

have all been suggested as root causes of fatigue. The identification of objective markers 

consistently associated with CFS/ME is an important goal in relation to diagnosis and treatment, 

as the current case definitions are based entirely on physical signs and symptoms. This review is 

focused on the recent literature related to biomarkers for fatigue associated with CFS/ME and, for 

comparison, those associated with other diseases. These markers are distributed across several of 

the body’s core regulatory systems. A complex construct of symptoms emerges from alterations 

and/or dysfunctions in the nervous, endocrine and immune systems. We propose that new insight 

will depend on our ability to develop and deploy an integrative profiling of CFS/ME pathogenesis 

at the molecular level. Until such a molecular signature is obtained efforts to develop effective 

treatments will continue to be severely limited.

Background

Fatigue is a common symptom that includes both physical and mental components. It can be 

an acute response to physical, mental or infectious triggers and usually decreases as the 

trigger recedes. It can occur in healthy people as a result of physical and/or mental exertion. 

Symptoms of fatigue persisting for 6 months or more define chronic fatigue (CF). A survey 

of 2323 residents of Norway by Loge, et al. (1998) reported CF to be endorsed by 11% of 

the general population. Of those respondents reporting no known disease or current heath 
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problem, 7% had CF. In contrast, in Japan, more than half of the general adult population 

complained of fatigue, and more than one third of the population endorsed CF (Watanabe, et 

al, 2008)

Disease associated fatigue may be directly related to the disease mechanisms (primary 

fatigue) or may be secondary to non-disease-specific factors. Measurement of fatigue can be 

from either the subjective or the objective standpoint and includes physical fatigue, reduced 

motivation, reduced activity, and mental fatigue. The magnitude and scope of debilitating 

fatigue is a central component in health care where chronic illness is a growing concern. 

Current acute illness research models are inadequate for resolving chronic disorders 

affecting multiple regulatory systems and presenting with complex constellations of 

symptoms. Fatigue is a fundamental component in a diverse array of illnesses that affect a 

broad patient demographic.

There is a growing body of research directed toward understanding the biology of fatigue; 

this research leads us to regard fatigue as a complex construct of symptoms that emerges 

from alteration and/or dysfunction in the nervous, endocrine and immune systems. 

Identifying biomarkers of CF is an important part of this effort. The official NIH definition 

of a biomarker is: "a characteristic that is objectively measured and evaluated as an indicator 

of normal biologic processes, pathogenic processes, or pharmacologic responses to a 

therapeutic intervention." (Biomarkers Definitions Working Group, 2001). In this review of 

recent work, we selected examples of research on CF occurring in disease with an emphasis 

on chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME). The biomarker research 

examined included several levels of biology ranging from the intracellular (transcript) to the 

inter-cellular (cytokine and hormone) and behavioral levels (clinical and psychometric 

measures). Our aim in the selection of studies was not to be inclusive, but rather to include a 

representative sample of recent CF studies. Most commonly, CFS/ME biology and that of 

other illnesses has focused on the detailed characterization of individual components taken 

in isolation. It is now clear that further understanding of disease mechanisms will require 

more than a list of the abundance of gene products, proteins or cells. These various cellular 

and molecular components are highly inter-related. Depending on the context various 

biological networks will become active to ensure appropriate regulatory feedback for 

maintaining homeostasis. In a review of CFS/ME, published in Lancet, Prins, et al. (2006) 

stated: “Techniques such as bioimaging and proteomic strategies, and perhaps a systems 

biology approach, should be applied to try to elucidate such complicated interactions”. 

Advances in multiplex laboratory tests and bioinformatics allow fatigue research to advance 

beyond individual biomarkers to modular patterns of co-expression.

Biomarkers associated with fatigue in patients with identified diseases or 

syndromes other than CFS/ME (Table 1)

In a recent review, Graff, el al, (2011) noted reports of moderate to severe fatigue in 50 to 

70% of the cases in immune-mediated inflammatory diseases. As reported by the New York 

Times (Crouse, 2011) following her withdrawal August 31, 2011 from the US Open tennis 

tournament, Venus Williams, winner of seven Grand Slam singles titles, said, “The fatigue is 
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hard to explain unless you have it. Some mornings I feel really sick, like when you don’t get 

enough sleep or you have flu or a cold. I always have some level of tiredness. And the more 

I tried to push through it, the tougher it got.” Williams received the diagnosis of the 

autoimmune disorder, Sjögren's syndrome, a condition correlated with CF, earlier in the 

month. This CF is similar to “sickness behavior” in animals which is mediated by pro-

inflammatory cytokines, in particular interleukin (IL)-1, acting on neuronal brain cells 

(Dantzer, 2001). Increased levels of IL-1 receptor antagonist (IL-1Ra) in the cerebrospinal 

fluid were associated with increasing fatigue in primary Sjögren's syndrome patients, 

supporting the suggestion that the IL-1 system is a possible biomarker of fatigue (Harboe et 

al., 2009).

Davis et al, 2008 reported elevation of the pro-inflammatory cytokine, IL-6, in stimulated 

mononuclear cells from fatigued patients with rheumatoid arthritis (RA). The strongest 

correlates of fatigue in the RA cohort studied by Stebbings, et al. (2010) were depression (P 

< 0.001) and anxiety (P < 0.001). Comparing a severely fatigued group of RA patients with 

cases less fatigued, van Hoogmoed, et al, (2010) reported that the proportion of patients 

negative for rheumatoid factor (RF) was larger in the more fatigued group. However, the 

DAS-28 (a measure of disease severity), the number of tender joints, swollen joints and the 

general health rating were significantly worse in the severely fatigued RA patients as were 

worse pain scores. In contrast, erythrocyte sedimentation rate, hemoglobin level and acute 

phase reactant C-reactive protein (CRP) did not differ between the two groups, nor did they 

correlate with fatigue severity. A marker of inflammation, CRP is produced mainly by 

hepatocytes, and its production is regulated by IL-6 (Boncler & Watała, 2009). In systemic 

lupus erythematous (SLE), serum values of CRP were significantly higher (p < 0.001) in 

patients compared with healthy controls. However, CRP did not distinguish disease severity 

(Rezaieyazdi, et al, 2011). According toLee et al. (2010) patients with SLE often present 

with flu-like symptoms including fatigue and with high serum interferon (IFN) γ levels.

In 318 individuals with inflammatory bowel disease (IBD), elevated CRP occurred in both 

Crohn’s disease (CD) and ulcerative colitis (UC). However extreme levels of CRP 

(>20mg/L) was observed most frequently in CD. High levels of fatigue occurred in 78% of 

patients with CD and in 67% of those diagnosed with UC (Graff, et al., 2010). In another 

report, CF was found in 29% (14/48) of CD and 22% (20/92) of UC compared to 11% 

(260/2287) of healthy controls (P < 0.001 for both diagnoses). Linear regression analysis 

confirmed hemoglobin values, present gastrointestinal symptoms, and altered sleep to be the 

most important predictors of CF (Jelsness-Jørgensen, et al., 2011). Fatigue can also be the 

unintended consequence of therapeutic approaches. A published example is the use of 

azathioprine or 6-mercaptopurine for treatment of IBD (Lee, et al., 2009).

Neurological disorders such as multiple sclerosis (MS) are associated with fatigue. MS 

patients with comorbid major depressive disorder (MDD) showed normal morning but 

elevated evening salivary cortisol levels, resulting in a flattened slope. While a higher 

frequency of tumor necrosis factor (TNF)α and IFNγ production by stimulated CD8+ T 

cells was also seen in MS patients with MDD, these markers were more closely associated 

with fatigue than depression (Gold, et al., 2011). Cytokine mRNA expression for TNFα was 

measured by real time polymerase chain reaction (RT PCR) and found to be positively 
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correlated with fatigue in MS cases (Flachenecker, et al. 2004). A useful paradigm in 

biomarker research in fatiguing illnesses involves an exercise challenge model with 

sampling during and after the challenge. White, et al, (2012) used this approach to study 

patients with MS. Compared to controls, MS cases had greater post-exercise increases than 

controls in gene expression of β-1 and β-2 adrenergic receptors (1.4 ± 0.27- and 1.3 ± 0.06-

fold increases, respectively, p = .02 and p < .001) and greater decrease in gene expression for 

toll-like receptor 4 (TLR4) (p = .02). Post-exercise, IL-10 and TLR4 decreases correlated 

with higher fatigue scores.

Hypoxia associated with stroke, heart attacks, lung disease and altitude sickness is often 

accompanied with sickness behavior, including fatigue, malaise and lethargy (Sherry, et al., 

2009). Basu, et al.,(2005) hypothesized that these symptoms are due to the 

neuroinflammation subsequent to elevated cytokines and cytokine receptors, particularly 

elevated IL-1β and IL-1R1. Fatigued subjects with obstructive sleep apnea had elevated 

plasma soluble TNF receptor 1 (sTNFRI) (Al-shair, et al., 2011). Those with chronic 

obstructive pulmonary disease had elevated plasma TNFα (Mills, et al., 2008).

Reported by as many as 40% of cancer patients at diagnosis, cancer-related fatigue is a 

frequent early symptom of malignant disease that often becomes chronic. In breast cancer 

significant fatigue persisted in over 30% of women 10 years following chemotherapy 

(Bower, 2007). This is a significant patient community with breast cancer accounting for 

25% of the $157 billion cost of malignant disease in the US (Radice and Redaelli, 2003). A 

recent study of breast cancer survivors found increased expression of genes coding for 

transcripts for NF-κB and decreased expression for glucocorticoids in subjects with fatigue 

as compared to those without (Bower et al., 2011a). Fernandez-de-las-Penas, et al (2012) 

reported that breast cancer survivors with the Met/Met genotype had greater hypothalamic-

pituitary-adrenal (HPA) axis and sympathetic nervous system (SNS) dysfunction that was 

correlated with severe fatigue. The Met/Met genotype results from substitution of valine 

with methionine at codon 158 on chromosome 22q11, resulting in lower catechol-O-

methyltransferase activity, which may affect estrogen metabolism.

Patients with lung cancer during concurrent chemoradiation therapy developed significant 

symptom burden including fatigue and elevated plasma IL-6 and sTNFRI (Wang, et al., 

2010). Liu, et al, 2012 studied fatigue associated with chemotherapy in breast cancer 

patients and the inflammatory markers, IL-6, IL-1 receptor antagonist (IL-1Ra) before and 

during cycle 1 and cycle 4 of chemotherapy. Fatigue increased, levels of IL-6 increased and 

IL-1Ra decreased during chemotherapy. Orre, et al, (2011) reported that fatigue levels in 

breast cancer survivors were significantly and positively associated with CRP (p<.001) and 

leukocyte count (p=.018), but not with levels of IL-1Ra, IL-6, sTNF-R1 or neopterin in 

unadjusted analyses. Only CRP remained significantly associated with fatigue levels in the 

fully adjusted models (p=.020). Bower, et al, (2011b) examined the relationships of markers 

of inflammation, IL-1, IL-1Ra, sTNFRII and CRP, to fatigue in women with breast cancer 

early after primary treatment. Significant correlation was observed only with elevations in 

sTNFR11. Thornton, et al., (2010) looked at co-occurrence of pain, depression, and fatigue 

in advanced cancer. They reported that these 3 symptoms were associated with biological 

mediators including elevated plasma levels of cortisol and adrenocorticotropic hormone 

Klimas et al. Page 4

Brain Behav Immun. Author manuscript; available in PMC 2017 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



indicating HPA activation and elevated plasma epinephrine and norepinephrine indicating 

sympathetic nervous system activation.

Fagundes, et al, (2012) sought to determine biomarkers of fatigue that exist before cancer 

treatment. Relationships between the expression of latent Epstein–Barr virus (EBV) and 

cytomegalovirus (CMV) and fatigue were examined in 158 women newly diagnosed with 

breast cancer or awaiting a positive diagnostic result. Higher CMV antibody titers, but not 

EBV antibody titers, were associated with a greater likelihood of being fatigued. 

Associations between fatigue and higher CMV antibody titers remained after controlling for 

alcohol use, smoking, comorbidities, depressive symptoms, age, BMI, cancer stage, and 

sleep problems. More sleep problems and higher levels of depressive symptoms were also 

associated with a greater likelihood of being fatigued.

Cytokines or their receptors and antagonists were measured in 56% of the papers on disease-

associated fatigue reviewed. However, the cytokines, the methods of analyses and source of 

samples, plasma, CSF, intracellular in lymphocytes and stimulated cell culture supernatants, 

varied widely among the studies. Elevated IL-6 was noted in each of the 5 papers were it 

was measured, as was TNFα. In only 2 of the 5 were results for both proinflammatory 

cytokines included. The general marker of inflammation, CRP, was elevated in those studies 

in which it was measured. Dysregulation of the HPA axis and SNS were, as expected, 

associated with CF. Analytic methods focused on the expression of individual molecules are 

unlikely to be fruitful in the discovery of clinically useful biomarkers. Incorporation of these 

markers into integrative network-based analyses will allow identifying associations at the 

pathway level.

Biomarkers of chronic fatigue syndrome/myalgic encephalomyelitis

We agree with the suggestion of Silverman, et al (2010) that CFS/ME is an excellent model 

for addressing the biology of CF. All cases of CFS/ME have CF, which is required by the 

case definitions (Fukuda et al., 1994; Carruthers, et al, 2011). Some relevant literature on a 

related syndrome, gulf war illness (GWI), also associated with CF, is included in this review. 

Population-based studies estimate the prevalence of CFS/ME at 0.23% to 0.41% (Reyes et 

al, 2003; Jason et al, 1999). Hypothetical initiating events for CFS/ME include infections, 

stress and exposure to toxins (Evengård & Klimas, 2002; Glaser, et al, 2005; Maes, et al, 

2007). The possibility of infectious disease and the level of immune impairment have 

convinced several research groups involved in pathogen discovery to regard CFS/ME with 

interest. Duration of illness typically exceeds 10 years. Persistence may involve complex 

interactions of immune, autonomic and neuroendocrine regulation and remains poorly 

understood (Bou-Holaigah, 1995; Fuite, 2008; Hurwitz, 2009). Current CFS/ME treatments 

are directed at reducing symptom severity but no cure exists for this condition. It follows 

that this cause of chronic disability has far-reaching consequences and constitutes a 

significant public health concern and economic burden to society as a whole.

A sample of recent work on molecular diagnosis and associated sub-typing is shown in 

Table 2. In 27% of the reports cited, cytokines were studied. Fletcher, et al., (2009), in a 

baseline study using a multiplex chemoluminescent method (Quansys, Logan, Utah) of 16 

Klimas et al. Page 5

Brain Behav Immun. Author manuscript; available in PMC 2017 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



plasma cytokines in 40 CFS/ME patients compared to 59 controls, reported higher levels of 

IL-4, IL-5, IL-12, lymphotoxin α (LTα), IL-1α, IL-1β, IL-6, lower amounts of IL-8, IL-13, 

IL-15 and not different IL-2, IFNγ, IL-10, IL-17, IL-23 and TNFα. Brenu et al., (2011) 

examined supernatants from PHA stimulated peripheral blood cells and found elevated 

levels of IL-10, IFNγ and TNFα in 95 CFS/ME patients compared to 50 controls, with both 

groups at rest. Natural killer (NK) cell function (NKCC) was examined by these two 

research groups. Brenu, et al (2011) and Fletcher, et al (2010) found NKCC to be low, 

confirming many past reports. Mayer, et al (2005) reported that the number of molecules of 

intracellular perforin per NK cells, as determined by quantitative intracellular flow 

cytometry, was related to NK cell function and was low in CFS/ME cases, compared to 

controls and also in CD3+CD8+ T cells. In contrast, Brenu, et al (2011) measured NK cell 

perforin by gene expression and reported it elevated in CFS/ME. The discrepancy between 

these two studies is unlikely to be explained by methodology because both studies reported 

that perforin levels were low in CD8+ T cells.

White, et al., (2010) measured cytokines using a multiplex bead-based system (Luminex 

Corp, Austin, TX) in serum from 19 CFS/ME and 17 controls collected at several time 

points pre/post a moderate exercise challenge. In contrast to the results of Fletcher, et al, no 

differences were found at baseline. However, 48 hours after the challenge, 11 patients 

showed symptom flair. In that group, IL-1β, IL-12, IL-6, IL-8, IL-10, and IL-13 were 

elevated at 8 hours post exercise. Jammes, et al., (2009) and Robinson, et al. (2010) also 

reported a differential effect of aerobic exercise on plasma cytokines. Both studies found that 

the exercise elevated plasma IL-6 in controls but had no effect in CFS/ME. As shown in 

Table 3, an aerobic exercise challenge increased differences between CFS/ME cases and 

healthy controls on 8 of 9 biomarkers, plasma NPY, IL-5, IL-6, IL-10, IL-12 and TNFα. 

Samples were drawn at baseline, V02 max and 4 hours. It should be noted that methodology 

and sensitivity for cytokine measurement varied in these studies.

Gulf War Illness (GWI) patients demonstrated impaired immune function as demonstrated 

by decreased NKCC and altered gene expression associated with NK cell function, including 

perforin. Pro-inflammatory cytokines, T-cell ratios, and salivary cortisol) were also altered in 

GWI cases compared to control subjects. A three point exercise challenge augmented these 

differences, with the most significant effects observed immediately after V02Max, possibly 

implicating some block in the NK and CD8 T-cells ability to respond to "stress-mediated 

activation" (Broderick et al., 2011a). This result has positive implications for the 

development of laboratory diagnostic tests for GWI and provides a paradigm for exploration 

of the immuno-physiological mechanisms that are operating in GWI, and similar complex 

syndromes (Whistler et al., 2009).

Light, et al, (2009) demonstrated, with real-time, quantitative PCR, that 19 CFS/ME patients 

had lower expression of beta-2 adrenergic receptors but otherwise did not differ from 16 

control subjects before exercise. After a sustained moderate exercise test, CFS/ME patients 

showed greater increases than control subjects in gene expression for metabolite detecting 

receptors ASIC3, P2X4, and P2X5, for SNS receptors alpha-2A, beta-1, beta-2, and COMT 

and IS genes for IL10 and TLR4 lasting from 0.5 to 48 hours (P < .05). In a more recent 

study of moderate exercise effects on gene expression, Light, et al (2012) used a 25 minute 
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exercise challenge with blood sampling at 0.5, 8, 24 and 48 h post exercise. The relative 

mRNA values from the four time-points were summed into a single measure labeled area 

under the curve (AUC) and then log transformed. No gene expression changes occurred 

following exercise in controls. In 71% of patients with CFS/ME, moderate exercise 

increased most sensory and adrenergic receptor's and one cytokine gene's transcription for 

48 h. These post-exercise increases correlated with behavioral measures of fatigue and pain. 

In contrast, for the other 29% of patients with CFS/ME, adrenergic α-2A receptor's 

transcription was decreased at all time-points after exercise; other genes were not altered. A 

history of orthostatic intolerance was significantly more common in the α-2A decrease 

subgroup.

Spence, et al, (2008) reported increased plasma concentrations of CRP in patients with 

CFS/ME. In their study of 41 patients with CFS/ME and in 30 healthy subjects, plasma CRP 

in CFS/ME was 2.58+/−2.91 compared with 1.07+/−2.16 mg/L in HC; P<0.01). They also 

found elevation of a marker for oxidative stress, 8-iso-prostaglandin F(2 alpha) isoprostanes 

(470.7+/−250.9 compared with 331.1+/−97.6 pg/ml respectively; P<0.005). In a population-

based sample in metropolitan, urban and rural areas of Georgia, CDC researchers screened 

10,837 households with 21,165 residents (Raison, et al., 2008). When examined as a 

categorical variable (based on a cut-off of >3 mg/L), CRP was significantly higher in 

subjects with CFS/ME (34.38%) and in fatigued individuals who did not fulfill the 

diagnostic case definition (ISF) (38.05%) than in healthy controls (20.72%) (CFS/ME: OR = 

2.00, 95% CI = 1.08–3.74; ISF: OR = 2.35, 95% CI = 1.38–4.00). Other variables associated 

with CRP >3 mg/L included sex, race, PCS score, BMI, and SDS depression score. After 

adjustment for age, sex, race, location of residence, BMI, depressive status and use of 

immune modulating medications, subjects classified as ISF continued to demonstrate 

increased CRP (adjusted OR = 2.34, 95% CI = 1.29–4.27, p = 0.0120). After adjustment, the 

association between CRP >3 mg/L and CFS/ME did not remain significant (adjusted OR = 

1.62, 95% CI = 0.75–3.53, p = 0.8569). In the Copenhagen General Population Study of 

approximately 63,500 individuals, the distribution of circulating levels of CRP was markedly 

skewed to the right with 97% of the participants having CRP levels of <10 mg/L. The 

median plasma CRP concentration was 1.53 mg/L (IQR, 1.14–2.51) and 34% of the 

participants had circulating CRP levels of ≥2 mg/L (Allin and Nordestgaard, 2011).

Papadopoulos and Cleare (2011) concluded in a recent review that the clinically relevant 

HPA axis dysfunction occurring in CFS/ME patients includes mild hypocortisolism with 

attenuated diurnal variation of cortisol, enhanced negative feedback to the HPA axis and 

blunted HPA axis responsiveness. Dysregulation of the HPA axis was associated with a 

number of neuroimmune disorders including CFS/ME, which was characterized by a 

hypoactive rather than a hyperactive HPA axis (Roberts, et al., 2010). A theoretical analysis 

of HPA axis control suggested that such states might be quite stable and perpetuate as a 

result of physiological feedback mechanisms (Ben-Zvi et al., 2009). Lattie, et al, (2012) 

reported that CFS/ME cases with greater perceived stress management skills had less fatigue 

(p=.019) and emotional distress (p<.001), greater diurnal cortisol slope (p=.023) and lower 

IL-2 levels (p=.043). The influence of stress management skills on distress and fatigue 

appeared greatest among patients who had elevated IL-6 levels. Gaab, et al, 2005 used the 

Trier Social Stress Test (TSST) to determine that while cortisol responses to stress were 

Klimas et al. Page 7

Brain Behav Immun. Author manuscript; available in PMC 2017 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



normal, LPS induced pro-inflammatory cytokine levels were significantly attenuated in 

CFS/MS patients. CFS/MS patients showed an inverse response pattern in comparison to 

healthy controls, i.e. stimulated cytokine production decreased shortly after stress in 

CFS/ME patients, while it increased in controls. Torres-Harding, et al (2009) reported on the 

relationships between salivary cortisol levels and illness symptomatology in a group of 108 

individuals with CFS/ME. Results indicated that fatigue and pain were associated with 

salivary cortisol levels. In particular, variance from the expected pattern of cortisol over 24 

hours was associated with increased levels of fatigue. Glucocorticoid receptor gene NR3C1 

was implicated as a potential mediator of CFS/ME, and suggested variations in the 5' region 

of NR3C1 as a possible mechanism through which the alterations in HPA axis regulation 

and behavioral characteristics of CFS/ME may manifest (Rajeevan et al., 2007).

A marker for chronic immune activation, dipeptyl peptidase IV/ CD26 was shown to be 

dysregulated in CFS/ME (Fletcher et al, 2010a). A substrate for this dipeptidase is the stress 

hormone, neuropeptide Y (NPY), which was elevated in CFS/ME cases (Fletcher, et al, 

2010b) and correlated with symptom severity including fatigue.

Schutzer, et al., (2011) used high-resolution mass spectrometry based label-free quantitative 

(MS) proteomics approach to examine cerebral spinal fluid (CSF) samples from patients 

with CFS/ME, Lyme disease and healthy controls. These were analyzed directly employing 

a MS-proteomics approach. Both patient groups could be distinguished from each other and 

from controls based on their unique CSF proteins (p<0.01). CFS/ME (n=43) had 2,783 non-

redundant proteins, Lyme disease (n=25) 2,768 proteins, and healthy normal controls, 2,630 

proteins. Four components (C1S, C4B, C1QB, C1QC) that are seen with activation of the 

complement cascade were differentially increased in abundance consistently across the 

Lyme patients compared to CFS/ME. An earlier pilot study published by James Baraniuk’s 

group (2005) compared pooled spinal fluids from 10 CFS/ME patients, 10 GWI patients and 

10 controls. They identified a unique CFS/ME spinal fluid proteome of 60 proteins when 

compared to healthy controls and GWI, though the CFS/ME and GWI patients shared 20 

unique proteins (Baraniuk et al 2005). Among persons with CFS/ME, the number of 

metabolic syndrome factors was significantly correlated with worse fatigue on a 

standardized summary measure of fatigue (r = 0.20, P = .04) (Maloney et al, 2010). Proteins 

contribute to the regulation of cell metabolism both indirectly, as agents of intracellular 

signal transduction, and directly as enzymatic facilitators of metabolic reactions. With this 

evidence of an illness-specific proteome in the CNS of CFS/ME patients it may not be all 

that surprising to also find increased lactate levels in ventricular cerebrospinal fluid of these 

patients upon neuroimaging (Murrough et al. 2010). Similarly, using a targeted assay of 

adenosine triphosphate (ATP) availability in circulating blood neurophils, Myhill et al., 

(2009) pointed to significant deficiencies in mitochondrial function in CFS/ME. Though 

narrowly focused these studies emphasize the importance of metabolite profiling as a direct 

means of assessing fundamental inefficiencies in cell metabolic function. Serum vitamin E 

(alpha-tocopherol) concentrations were significantly lower in CFS/ME patients as compared 

with the control subjects, suggesting increased oxidative stress in the former (Miwa and 

Fujita, 2010).
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Interacting with and orchestrating cell signal transduction and metabolism is the gene 

regulatory machinery. Broderick et al., (2006) analyzed the correlation patterns in 117 

clinical variables measured in 111 female subjects and used these to isolate gene co-

expression patterns characteristic of CFS/ME. These described associations between 17 

transcripts related to basic cellular processes involved in cell signalign, ion transport and 

immune system function. The single most influential of these was sestrin 1 (SESN1), 

supporting the involvement of oxidative stress in CFS/ME. Kerr, et al (2008) reported on 

‘CFS signature genes’ with predictive power. This set had only 5 genes out of 44 related to 

immune regulation. Recently, they have reassessed the CFS/ME disease predictive genes in 

the original study data and assessed the ability of the proposed 44-gene classifier set to 

discriminate between CFS/ME patients and healthy control individuals. This classifier was 

able to discriminate correctly between CFS/ME and healthy control samples in 95% of the 

training samples. However, when assessed on a new, blinded 128-sample test set only 58% 

of samples were predicted correctly. Using a variety of methods, it was demonstrated that 

the 44-gene classifier set did not robustly identify patients with CFS/ME disease (Frampton, 

2011).Byrnes et al. (2009) were unable to identify a candidate biomarker for CFS/ME when 

comparing identical twin sets discordant for illness.

Utah researchers with access to computerized genealogical resource linking multiple 

generations of genealogy data with medical diagnosis data reported significant evidence for 

a heritable contribution to predisposition to CFS/ME. Significant excess relatedness was 

observed for both close (p <0.001) and distant relationships (p = 0.010). Significant excess 

relative risk for CFS/ME was found between first (2.70, 95% CI: 1.56–4.66), second (2.34, 

95% CI: 1.31–4.19), and third degree relatives (1.93, 95% CI: 1.21–3.07) (Albright, et al, 

2011).

Post-exercise mRNA increases for metabolite-detecting receptors were unique to patients 

with CFS/ME, whereas both patients with MS and patients with CFS/MS showed abnormal 

increases in adrenergic receptors. Among patients with MS, greater fatigue was correlated 

with blunted immune marker expression (White, et al, 2011). These post-exercise increases 

correlated with behavioral measures of fatigue and pain.

In current studies by the Miami/Alberta group, GWI and CFS/MS patients showed distinct 

differences from each other and HC that became dramatically apparent under physiological 

challenge. While no genes were expressed at rest with a 2-fold difference (false discovery 

rate FDR< 0.05) in CFS/ME over control subjects we found 18 such genes differentially 

expressed at rest in GWI. However, CFS/ME subjects were easily distinguished from 

healthy control subjects under effort due to a dramatic unresponsiveness to exercise. Indeed 

in moving to peak effort from rest 166 genes became differentially expressed from rest in 

healthy controls. In contrast 50 genes responded to challenge at peak effort in GWI but only 

1 was expressed in CFS/ME at peak effort versus rest. This lack of early response in the 

transition from rest to peak effort explains in large part why 466 genes were expressed with 

a 2-fold difference (FDR<0.05) in CFS/ME versus control subjects at peak effort as opposed 

to 28 genes in GWI. Therefore while GWI showed a partial early response to maximal 

exercise challenge CFS/ME subjects were largely unresponsive in that time frame. Results 

such as these emphasize how the use of an exercise challenge to probe the dynamics of 
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response offers a more sensitive measure of the differences separating these patient 

populations (Broderick, et al 2011b). Using a methodology originally developed by Efroni et 

al., (2007), Broderick, et al (2011b) went on to show that these differences in gene 

expression implicated 90 documented pathways with the majority being linked to immune 

metabolism. Examining these pathways as part of an integrated biological system the latter 

demonstrated that significant differences exist between CFS/ME, GWI and healthy control 

subjects in terms of the architecture of their active pathway networks. Indeed these 

significant differences in the recruitment, shedding and re-assignment of regulatory 

interactions would not be seen using conventional analytic methods focused on the 

expression of individual markers.

CONCLUSIONS

Fatigue research faces a number of methodological issues that continue to challenge the 

biological relevance and clinical impact of the search for useful biomarkers. In particular is 

the need to describe and understand the structure of complex biological networks. This will 

require applying novel measures to identify network functional modules within and across 

levels of biology, and identifying associations at the pathway level to promote increased 

biological relevance. Because the body operates as an autonomous, fully integrated and self-

regulating system it is should not be surprising that even localized muscle fatigue will 

present systemic biomarkers. One can view the observed myriad of individual biomarkers as 

being partially overlapping manifestations of a much more fundamental and unified set of 

biological processes. Closely associated with the single biomarker paradigm is the 

conventional model of dysfunction originating from the outright failure of a single 

physiological component. A highly complementary paradigm and one that embraces the 

overarching regulatory architecture of human physiology is the concept of loss of regulatory 

performance. This is akin to a controller becoming de-tuned over time and under sustained 

adaptive load. This manifests as a change in the dynamics of response. An appropriate 

example would be observations of a fight-or-flight axis response to a stressor that is delayed, 

develops more slowly and is blunted in amplitude. The recent paper by Broderick, et al. 

(2010) approached the question of cytokine involvement in CFS/ME pathogenesis. 

Multiplex cytokine data (Fletcher, et al, 2009) was used to construct the cytokine co-

expression networks, which clearly distinguished cases from controls reinforcing the 

importance of immune context and relative expression (Figure 1).

We propose that persistent disorders such as CFS/ME and CRF likely correspond to 

alternative homeostatic states enabled by the body as an adaptive strategy. These alternate 

modes of homeostatic control result in a loss of function that is persistent because these 

configurations are energetically stable (Figure 2) (Ben-Zvi et al., 2009). At and around these 

new homeostatic states we expect a characteristic change in how the body maintains 

homeostasis and that this new regulatory program will support different patterns of 

biomarker association. For example the immune system in these individuals might now use 

an alternate signalign network, one that may be much less efficient. Empirically mapping 

networks of endocrine and immune signalign in CFS/ME and CRF will allow us to identify 

key changes in their basic architecture and in their capacity to support the flow of regulatory 

information. Indeed we have shown that such networks differ significantly in structure in 
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GWI and CFS/ME (Fuite et al., 2008; Broderick et al., 2010; Broderick et al., 2011a) and 

that in many cases these structural changes occur around markers that do not change in 

expression across groups. This suggests that a network-based approach will not only 

enhance the characterization of these conditions but also provide new insight into the 

regulatory processes that support fatigue as a protective element. Physiological integration 

and the closed loop regulation spanning broadly across the immune, autonomic, endocrine 

systems as well as at the level of intracellular signalign and metabolic function may force a 

paradigm shift in our approach to complex illness as illustrated in Figure 2. Indeed this type 

of integrative network-based analysis may be required to progress to the next chapter in our 

understanding of the biology of fatigue.
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Figure 1. Networks of cytokine association show visibly different topologies
A weighted spring-electrical embedding structurally reveals the subject–subject (inset) and 

cytokine–cytokine associations based on measurements in 59 healthy control subjects (a) 

and 40 CFS/ME patients (b). All edge weights are significant at p ⩽ 0.01. Separation of 

subjects was consistent with their assignment to diagnostic groups supporting the use of 

within-group variation in the estimation of mutual information for cytokine–cytokine 

associations.
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Figure 2. 
Diagrammatic representation of the hypothesis whereby two complex and very distinct 

illnesses CFS/ME and cancer-related fatigue occupy distinct energy-minimal equilibrium 

points characterized by alternative configurations of the neuroendocrine-immune biomarker 

and symptom association networks.
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Table 1

Biomarkers associated with fatigue in patients with identified diseases or syndromes (other than CFS/ME) and 

selected from recent studies

Disease associated with fatigue Biomarker associated with fatigue Reference

Sjögren's syndrome >IL-1Ra in CSF Harboe et al, 2009

Rheumatoid arthritis >Stimulated production of IL-6 Davis et al, 2008

Depression & anxiety Stebbings, et al, 2010

Absence of RF; >DAS-28; >pain van Hoogmoed, et al, 2010

Systemic lupus erythematosus >Serum IFNα Lee et al, 2010

>CRP Rezaieyazdi, et al, 2011

Inflammatory bowel disease >CRP Graff et al, 2010

Hemoglobin; GI symptoms; altered sleep Jesness-Jorgensen, 2011

Multiple sclerosis >Frequency of TNFα Gold, et al, 2011

>TNFα mRNA in T cells Flachenecker et al, 2006

Post exercise >β-1 & β-2 adrenergic & < TLR4 by 
gene expression

White, et al, 2012

Obstructive sleep apnea > Plasma sTNFRI Al-shair, et al, 2011

Hypoxia Sickness behavior Sherry, et al, 2009

>Plasma L-1β & IL-1R1 Basu, et al, 2005

Chronic Obstructive Pulmonary Disease >Plasma TNFα Mills, et al, 2008

Breast cancer before treatment >CMV antibody titers Fagundes, et al, 2012

Breast cancer soon after treatment >sTNFRll Bower et al, 2011b

Breast & prostate cancer with radiation >Plasma CRP & IL-1Ra Bower, et al, 2009

Advanced cancer >Plasma IL-6, TNFα Kwak et al, 2011

>Plasma cortisol, ACTH, epinephrine & 
norepinephrine.

Thornton, et al, 2010

Non-small cell lung cancer with concurrent 
chemoradiation

>Plasma IL-6, IL-10 & sTNF-R1 Wang, et al, 2010

Testicular cancer, long term survivors >Plasma IL-1Ra & CRP Orre, et al, 2009

Breast cancer survivors >Transcripts for NF-κB & < transcripts 
glucocorticoids

Bower et al, 2011a

>CRP Orre, et al, 2011

>HPA and SNS dysfunction Fernandez-de-las-Penas, 2012

Cancer >Plasma IL-6, IL-1Rα, neopterin Schubert, et al, 2006 review
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Table 2

Biomarkers associated with fatigue in patients with identified diseases or syndromes

Cause of Fatigue Biomarker Reference

Sjögren's syndrome >IL-1Ra in CSF Harboe et al, 2009

Rheumatoid arthritis >Stimulated production of IL-6 Davis et al, 2008

>IFNα Lee, et al, 2010

Depression & anxiety Stebbings, et al, 2010

No RF; >DAS-28; >pain van Hoogmoed, et al, 2010

Systemic lupus erythematosus >Serum IFNα Lee et al, 2010

Inflammatory bowel disease >CRP Graff et al, 2010

Hemoglobin; GI symptoms; altered sleep Jesness-Jorgensen, 2011

Multiple sclerosis >Frequency & IFNγ of producing CD8+ T cells Gold, et al, 2011

>TNFα mRNA in T cells Flachenecker et al, 2006

Post exercise >β-1 & β-2 adrenergic receptors & < TLR4 
by gene expression

White, et al, 2012

Obstructive sleep apnea > Plasma sTNFRI Mills, et al, 2008

Hypoxia Sickness behavior Sherry, et al, 2009

>IPlasma L-1β & IL-1R1 Basu, et al, 2005

Chronic Obstructive Pulmonary Disease >Plasma TNFα Al-shair, et al, 2011

Breast cancer before treatment >CMV antibody titers Fagundes, et al, 2012

Breast & prostate cancer with radiation >Plasma CRP & IL-1Ra Bower, et al, 2009

Advanced cancer >Plasma IL-6, TNFα Kwak et al, 2011

Advanced cancer >Plasma cortisol, ACTH, epinephrine & norepinephrine Thornton, et al, 2010

Non-small cell lung cancer with concurrent 
chemoradiation

>Plasma IL-6, IL-10 & sTNF-R1 Wang, et al, 2010

Testicular cancer, long term survivors >Plasma IL-1Ra & CRP Orre, et al, 2009

Breast cancer survivors >Transcripts for NF-κB & glucocorticoids Bower et al, 2011

>CRP Orre, et al, 2011

Cancer >Plasma IL-6, IL-1Rα, neopterin Schubert, et al, 2006 review

Major depressive disorder >Plasma TNFα & -6 Dowlati, et al, 2010, review
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