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a b s t r a c t

Fatigue is one of the most common and distressing side effects of cancer and its treatment, and may
persist for years after treatment completion in otherwise healthy survivors. Guided by basic research
on neuro-immune interactions, a growing body of research has examined the hypothesis that cancer-
related fatigue is driven by activation of the pro-inflammatory cytokine network. In this review, we
examine the current state of the evidence linking inflammation and cancer-related fatigue, drawing from
recent human research and from experimental animal models probing effects of cancer and cancer treat-
ment on inflammation and fatigue. In addition, we consider two key questions that are currently driving
research in this area: what are the neural mechanisms of fatigue, and what are the biological and psycho-
logical factors that influence the onset and/or persistence of inflammation and fatigue in cancer patients
and survivors? Identification of the mechanisms driving cancer-related fatigue and associated risk factors
will facilitate the development of targeted interventions for vulnerable patients.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Fatigue is increasingly recognized as one of the most common
and distressing side effects of cancer and its treatment (Lawrence
et al., 2004). Prevalence estimates of fatigue during cancer treat-
ment range from 25% to 99% depending on the sample, type of
treatment, and method of assessment (Servaes et al., 2002; Law-
rence et al., 2004). Energy typically improves in the year after
treatment completion, although a significant minority of patients
continue to experience fatigue for months or years after successful
treatment (Bower et al., 2000; Cella et al., 2001). Studies of long-
term cancer survivors suggest that approximately one-quarter to
one-third experience persistent fatigue for up to 10 years after can-
cer diagnosis (Bower et al., 2006; Servaes et al., 2006). Fatigue has a
negative impact on work, social relationships, mood, and daily
activities and causes significant impairment in overall quality of
life (Andrykowski et al., 1998; Bower et al., 2000; Broeckel et al.,
1998). Fatigue may also be a predictor of shorter survival in cancer
patients (Groenvold et al., 2007).

Qualitative reports suggest that cancer-related fatigue is more
severe, more enduring, and more debilitating than ‘‘normal’’ fati-
gue caused by lack of sleep or overexertion and is not relieved by
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adequate sleep or rest (Poulson, 2001). In addition, cancer-related
fatigue involves mental, physical, and emotional components. One
definition that captures several of the key features of cancer-re-
lated fatigue describes it as ‘‘a subjective state of overwhelming
and sustained exhaustion and decreased capacity for physical
and mental work that is not relieved by rest’’ (Cella et al., 1998).

Studies conducted over the past decade have begun to elucidate
the biological underpinnings of cancer-related fatigue, with a focus
on inflammation. This research is motivated by basic research on
neural-immune signaling, which indicates that pro-inflammatory
cytokines can signal the central nervous system to generate symp-
toms of fatigue and other behavioral changes in animals and
healthy humans (Dantzer et al., 2008). In the cancer context,
inflammation may be induced by common cancer treatments,
including radiation and chemotherapy, or by the tumor itself. Pre-
vious reviews of this literature have generally supported a link be-
tween inflammation and behavioral symptoms in cancer patients,
including fatigue (Miller et al., 2008; Schubert et al., 2007; Seruga
et al., 2008; Bower, 2007). This is a growing area of research that
has seen important advances in methodological rigor (e.g., larger
sample sizes, controls for confounders, advanced statistical meth-
ods) and examination of underlying mechanisms. In this review
we will examine the current state of the evidence linking inflam-
mation and cancer-related fatigue, drawing from recent human re-
search and from experimental animal models probing effects of
cancer and cancer treatment on inflammation and fatigue. We will
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then consider two key questions that are currently driving research
in this area. First, what are the neural underpinnings of fatigue, and
can they be discriminated from depression? Second, what are the
biological and psychological factors that contribute to inflamma-
tion and fatigue during and after treatment? We conclude with
implications for interventions and recommendations for future
research.

2. Human and animal research on inflammation and cancer-
related fatigue

We consider human and animal studies that have examined
links between inflammation and fatigue at three stages of the can-
cer continuum: before, during, and after cancer treatment. The ba-
sic model guiding this area of research is that tumors and the
treatments used to eradicate them can activate the proinflamma-
tory cytokine network, leading to symptoms of fatigue via effects
on the central nervous system (see Fig 1). In the pre-treatment per-
iod, the tumor itself may be a source for proinflammatory cyto-
kines (Aggarwal, 2004; Coussens and Werb, 2002) while during
treatment, cytokines may be produced in response to tissue dam-
age from radiation or chemotherapy (Stone et al., 2003; Aggarwal
et al., 2009). In addition to these direct effects, other processes
may influence proinflammatory cytokine production and will be
discussed in section 4.

2.1. Fatigue prior to cancer treatment

A few studies have investigated links between inflammatory
markers and fatigue in cancer patients prior to treatment. In pa-
tients with newly diagnosed acute myelogenous leukemia or
myelodysplastic syndrome, levels of several inflammatory markers
were correlated with symptoms of fatigue (Meyers et al., 2005). In
a sample of ovarian cancer patients assessed prior to surgery, those
with advanced stage disease had higher levels of IL-6 as well as ele-
vations in vegetative symptoms of depression (including fatigue)
relative to those with early stage disease or tumors of low
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Fig. 1. Conceptual model linking cancer and cancer treatments to inflammation and sy
transmission; the dashed line around this mediator indicates that this pathway has not
inflammation and fatigue in cancer patients are depicted in circles and include gene
alterations in the cellular immune system, and biobehavioral factors such as history of
malignant potential (Lutgendorf et al., 2008). Moreover, elevations
in plasma and ascites levels of IL-6 were correlated with fatigue
and other vegetative depressive symptoms, but not with mood or
affective symptoms of depression. On the other hand, a recent
study of breast cancer patients assessed prior to surgery did not
find elevated levels of CRP in those categorized as ‘‘fatigued’’ (Fag-
undes et al., 2012). It is possible that small, localized breast tumors
may not produce elevations in systemic cytokine concentrations
that are sufficient to induce symptoms of fatigue.

In rodents, fatigue has usually been measured by the amount of
reduced spontaneous locomotor activity the animal exhibits (Kent
et al., 1992). Recently, a mouse model of ovarian cancer was used
to investigate the effect of tumor on inflammation and spontane-
ous locomotor activity (Lamkin et al., 2011). In this model, a synge-
neic ovarian carcinoma cell line was injected into the peritoneum
of the mice to grow over a period of two months. Congruent with
what often happens in ovarian cancer patients, ascites (i.e., a build-
up of fluid that forms around the tumor) forms in the peritoneum
of the mice in this model and contains high levels of IL-6 and TNF-
a. Consequently, levels of IL-6 and TNF-a as well as IL-17 and IL-10
are significantly elevated in systemic circulation as a result of tu-
mor. We found reductions in home cage locomotion in tumor-
bearing animals without any significant deficit in motor capacity
(i.e., the animals were able to engage in spontaneous locomotion).
Mediation analysis suggested that tumor-induced IL-6 in the circu-
lation carried part of the effect of tumor on decreased locomotion,
supporting a role for tumor-associated cytokines in the develop-
ment of fatigue.
2.2. Fatigue during cancer treatment

Radiation therapy and chemotherapy are two of the most com-
mon types of cancer treatment, and both are associated with in-
creases in fatigue (Donovan et al., 2004) and with elevations in
certain inflammatory markers (Arpin et al., 2005; Mills et al.,
2004). A handful of studies have examined the association between
inflammation and fatigue during radiation therapy to test the
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hypothesis that inflammation may contribute to radiation-induced
fatigue. Early reports on this topic were conflicting, possibly due to
constraints of study designs (including use of non-standard mea-
sures to detect cytokine levels) and focus on cross-sectional asso-
ciations between cytokine levels and fatigue (Greenberg et al.,
1993; Wratten et al., 2004; Geinitz et al., 2001; Ahlberg et al.,
2004). Our group examined within-subject relationships between
inflammatory markers and fatigue before, during and after radia-
tion therapy in patients with early-stage breast and prostate can-
cer (Bower et al., 2009). Results showed that changes in serum
levels of inflammatory markers CRP and IL-1RA were positively
associated with increases in fatigue symptoms; patients reported
higher levels of fatigue on weeks when these biomarkers were ele-
vated. Effects remained significant in analyses controlling for po-
tential biobehavioral confounders including age, BMI, depression,
and sleep disturbance. Of note, we found no evidence that serum
concentrations of IL-6 or IL-1b were associated with fatigue in this
study. These findings provide initial evidence that activation of the
proinflammatory cytokine network may be a general mediator of
radiation-induced fatigue, but require replication in larger sam-
ples. Further, these findings suggest that downstream markers of
proinflammatory cytokine activity may be more reliably associated
with cancer-related fatigue; similar results have emerged in our
work with cancer survivors.

Investigators have also utilized animal models of ionizing radi-
ation to study its effects on fatigue (e.g., King and Landauer, 1990).
Likewise, researchers have used animal models to study the effects
of radiotherapy on inflammatory processes, and have shown acute
elevations in inflammatory responses following a single session of
total body irradiation (TBI) (e.g., Haveman et al., 1998; Khayyal
et al., 2009). However, very few researchers have looked at radia-
tion-induced inflammation in conjunction with measures of fati-
gue. Van der Meeren and colleagues (2001) modeled the effects
of radiotherapy in mice and found that TBI caused an increase in
plasma levels of IL-6, serum amyloid A, Gro1, and granulocytes
but no increase in IL-1b, TNF, or Scya5. Peak levels for these effects
in circulation were observed at 6 h after TBI and had mostly re-
solved by 24 h. In a follow-up study, spontaneous locomotor
behavior in the home cage was examined with automated teleme-
try (Van der Meeren and Lebaron-Jacobs, 2001). In accord with the
acute rise in systemic inflammation, locomotion dropped signifi-
cantly within a few hours of TBI. However, whereas inflammatory
markers quickly returned to baseline levels, locomotion continued
to decline until Days 13–17 before starting to recover by Day 25. Of
note, the slow recovery of normal locomotion roughly parallels
that seen with repeated radiation exposure in the clinical setting
and may reflect late effects of radiation on irradiated tissues (Brush
et al., 2007).

More recently, a study by York and colleagues (2012) examined
the effect of TBI on spontaneous locomotion in mice at multiple
time points during the first 24 h following exposure. Mice exhib-
ited a decrease in locomotion by 6 h after exposure, but the effect
waned afterward. Also at this time point, gene expression for TNF-
a was significantly elevated in the whole brain, but not IL-1, IL-
1RA, IL-6, or IFN-c. Examination of cytokine gene expression in
whole blood found evidence for IL-1 expression around this time
as well, but not for TNF-a, IL-6, or IFN-c.

Investigation into chemotherapy-associated inflammation and
fatigue is complicated by the fact that there are numerous classes
of antineoplastic drugs with unique mechanisms of action within
and between each class (e.g., antimetabolites, antimicrotubule
agents, alkylating agents, platinum agents, cytotoxic antibiotics,
DNA topoisomerase I and II inhibitors) (Chabner and Longo,
2006). Nonetheless, clinical investigators have been interested in
linkages between inflammation and fatigue during chemotherapy.
Several early studies showed links between inflammatory markers
and fatigue in cancer patients undergoing various chemotherapy
regimens (Mills et al., 2005; Pusztai et al., 2004). More recently,
Wang and colleagues intensively examined sickness symptoms
and inflammatory markers in patients undergoing combined radi-
ation and chemotherapy therapy for locally advanced colorectal,
esophageal, and non-small cell lung cancer (Wang et al., 2010;
Wang et al., in press). These investigators documented acute in-
creases in markers of inflammation that were correlated with in-
creases in fatigue and other prominent sickness symptoms.
Similar effects were seen in a study of individuals undergoing allo-
geneic hematopoietic stem cell transplantation (which includes
high-dose chemotherapy) for acute myelogenous leukemia and
myelodysplastic syndrome (Wang et al., 2008).

Preclinical investigators have developed animal models of che-
motherapy-induced fatigue using some of the more wide-spread
antineoplastic agents. For example, a study by Wood and col-
leagues (2006) examined the effect of etoposide, a topoisomerase
II inhibitor, on locomotion with voluntary wheel running. Etopo-
side caused a step-wise reduction in voluntary running that began
after the first dose, resulting in an 80% reduction by the study’s
end. Examination of systemic IL-6 showed that a single administra-
tion of the drug induced an 18-fold increase compared to control
mice, and levels at the end of the two-week administration sche-
dule were still significantly elevated by more than 10-fold.

Malik and colleagues (2006) found that a single dose of the plat-
inum-based drug, cisplatin, caused rats to exhibit decreased motor
activity several hours after injection during their normally active
nocturnal phase, and this decrease grew in magnitude until Days
3–4 before beginning to recover by Day 8. Although no differences
in gene expression were found for specific proinflammatory cyto-
kines examined, the investigators found that administration of
the potent anti-inflammatory glucocorticoid, dexamethasone,
inhibited the decrease of spontaneous motor activity in the model
in a subsequent study (Malik et al., 2007), suggesting that yet
undefined inflammatory mechanisms in the model may be at work.

One potential limitation of an investigation into the effect of cis-
platin or other chemotherapeutic drugs on spontaneous locomotor
activity is lack of information regarding motor capacity, because
such drugs can cause peripheral neuropathy and, thus, contribute
to decreased locomotion via this mechanism (Cavaletti et al.,
1992; Mollman, 1990; Rowinsky et al., 1993). Recently, Ray and
colleagues (2011) tested a model of paclitaxel-induced inflamma-
tion and fatigue where they examined motor capacity alongside
spontaneous locomotion in mice. Results showed that paclitaxel
reduced spontaneous home cage locomotion during the week of
dosing and for an additional two weeks without substantially
altering motor capacity. However, the investigators found no
changes in a panel of 21 cytokines and chemokines in the blood
at the conclusion of the week of dosing, including IL-1b, IL-6, and
TNF-a, compared to saline-injected animals. Overall, these studies
support an association between chemotherapy and fatigue, but
provide less insight into how inflammatory mechanisms may
underlie these effects.

2.3. Post-treatment fatigue in cancer survivors

Although fatigue typically abates in the year after cancer treat-
ment, approximately 25–30% of cancer survivors report persistent
fatigue that may last for 5–10 years post-treatment and beyond
(Bower et al., 2006). In our earlier work, we documented consistent
alterations in the pro-inflammatory cytokine network among
breast cancer survivors with persistent post-treatment fatigue,
including elevations in circulating markers of inflammation (Bower
et al., 2002; Collado-Hidalgo et al., 2006) and elevated cytokine
production after LPS stimulation (Collado-Hidalgo et al., 2006;
Bower et al., 2007), controlling for potential demographic and
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biobehavioral confounds. We have more recently shown an associ-
ation between fatigue and elevations in plasma levels of the solu-
ble TNF receptor type II (sTNF-RII), a downstream marker of TNF
activity, in breast cancer survivors within one month after treat-
ment; this association was particularly strong among women trea-
ted with chemotherapy (Bower et al., 2011b).

These findings have recently been replicated by other groups.
For example, Alexander et al. found significant elevations in CRP
in breast cancer survivors who met stringent criteria for cancer-re-
lated fatigue syndrome (n = 60) relative to non-fatigued controls
(n = 104) (Alexander et al., 2009). Similarly, in sample of 299 dis-
ease-free survivors, Orre et al. found a positive association between
CRP and fatigue that remained significant after controlling for age,
BMI, depressive symptoms, sleep disturbance, medication use, and
self-rated health (Orre et al., 2011). In a recent study by Alfano and
colleagues, higher CRP was associated with increased odds of being
classified as fatigued in a sample of 633 breast cancer survivors
controlling for age, race, menopausal status, antidepressant/anxio-
lytic use, comorbidities, and BMI. (Alfano et al., 2012). This study
also found a significant linear association between CRP levels and
fatigue, particularly physical and behavioral dimensions of fatigue;
however, these associations were attenuated to non-significant
after controlling for use of antidepressants/anxiolytics, comorbidi-
ties, and BMI. A positive association between inflammatory mark-
ers and fatigue has also been documented in long-term survivors of
testicular cancer (Orre et al., 2009).

Two recent studies have probed the molecular underpinnings of
cancer-related fatigue by conducting genome-wide expression
analyses on leukocytes from breast cancer survivors with persis-
tent fatigue compared to non-fatigued survivors. A study
conducted by our group focused on transcription of
inflammation-related genes, particularly those responsive to the
proinflammatory NF-jB transcription control pathway, guided by
the hypothesis that peripheral inflammatory signaling may
contribute to cancer-related fatigue (Bower et al., 2011a). Results
showed that breast cancer survivors experiencing persistent fati-
gue showed increased expression of genes encoding proinflamma-
tory cytokines and other mediators of immunologic activation.
Further, promoter-based bioinformatic analyses indicated in-
creased activity of proinflammatory NF-jB/Rel transcription
factors in leukocytes from fatigued breast cancer survivors, which
might structure the observed differences in the expression of
inflammation-related genes. In contrast, an exploratory study by
Landmark-Hoyvik et al. found that fatigued breast cancer survivors
showed altered expression of genes involved in plasma or B cell
pathways (Landmark-Hoyvik et al., 2009). These differences might
be explained by differences in the populations studied, the micro-
array assay platforms, and the statistical methods used.
3. Convergence of inflammation on neural systems mediating
fatigue

3.1. Lessons from research on sickness behavior and depression

To date, there is limited understanding of the neural processes
that may mediate effects of peripheral inflammation on behavioral
outcomes, including fatigue, in cancer patients. However, insight
into these effects can be gleaned from the large array of informa-
tion that has accrued over the last 25 years on inflammation-in-
duced sickness behavior and major depressive disorder (MDD).
For example, careful research into IFN-a treatment has shown that
30–50% of patients on this therapy can develop a full complement
of the criteria used to make a diagnosis of MDD (Capuron and Mill-
er, 2004). A landmark double-blind controlled trial in 2001 showed
that development of MDD in these patients could be attenuated by
administering the SSRI antidepressant, paroxetine, two weeks be-
fore beginning IFN-a and continuing the antidepressant for the
duration of the 12-week IFN-a therapy (Musselman et al., 2001).
Interestingly, however, the antidepressant was not able to attenu-
ate significant increases in two of the symptoms that can consti-
tute MDD: fatigue and loss of appetite (Capuron et al., 2002).
Furthermore, when examining the temporal occurrence of symp-
toms in just the placebo group, researchers found that these more
‘‘neurovegetative’’ symptoms occurred early during treatment
while depressive and anxious symptoms occurred later. Both of
these results led the investigators to conclude that the effects of
cytokine treatment on these two different symptom dimensions
are mediated by different neural mechanisms. Similar results
emerged from a randomized controlled trial of cancer patients
undergoing chemotherapy, which found that paroxetine reduced
depressive symptoms but not symptom of fatigue (Morrow et al.,
2003).

Investigators using animal models have come to similar conclu-
sions. One study showed that aged mice (80–96 weeks) exhibited
normal locomotor activity by 72 h following intraperitoneal injec-
tion of the inflammatory endotoxin, LPS, but behavior in a measure
known as the Tail Suspension Test (TST), which is considered rep-
resentative of depression, was still significantly elevated compared
to vehicle-injected controls (Godbout et al., 2008). Similar results
were found in a report that showed younger mice (10–14 weeks)
exhibited normal locomotor activity by 24 h after peripheral LPS
injection but still manifested significantly higher levels of depres-
sive-like behavior in the TST compared to vehicle-injected controls
(O’Connor et al., 2009a). Based on these findings, it has been sug-
gested that inflammation-induced increases in fatigue-like behav-
ior during general locomotion and depressive-like behavior during
the TST are mediated by partially different systems in the brain
(Frenois et al., 2007).

3.2. The inflammation-dopamine hypothesis

Given the results of several studies looking at the relationship
between inflammatory activity and dopamine alterations in the
brain, it has been proposed that dopaminergic mechanisms may
constitute the specific system underlying inflammation-induced
neurovegetative symptoms like fatigue as well as anhedonic
behavior that can follow from inflammation (Capuron and Miller,
2004; Miller, 2009). Indeed, a large and growing body of clinical
and experimental research has now demonstrated that anhedonia
is associated with functional alterations of dopaminergic neurons
emanating from the ventral tegmental area (VTA) and terminating
in the limbic system (Dunlop and Nemeroff, 2007). This system of
neurons is known as the mesolimbic dopamine pathway and is
seen as an essential component of how the perception of pleasure
or reward is mediated by the brain. Dopaminergic neurons ema-
nating from an area adjacent to the VTA, known as the nigrostriatal
dopamine tract, are critical to how the brain mediates psychomo-
tor function and are damaged in Parkinson’s disease (Meyer and
Quenzer, 2005). Capuron and colleagues (2007) showed that can-
cer patients undergoing IFN-a therapy exhibited a significant posi-
tive correlation between fatigue and glucose metabolism in both
the putamen, which constitutes the terminal end of the nigrostria-
tal dopamine pathway, and the nucleus accumbens at the terminal
end of the mesolimbic dopamine pathway. That study replicated a
previous finding of increased glucose metabolism in the putamen
following 12 weeks of IFN-a therapy in hepatitis C patients (Juen-
gling et al., 2000).

Some investigators conclude that the nature of the dopaminer-
gic alteration underlying symptoms of fatigue may be an overall
reduction in dopaminergic neurotransmission (see review by
Miller, 2009). Indeed, research on the effect of repeated IFN-a
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administration on dopamine levels in the whole brains of mice
suggests that such treatment causes a decrease in dopaminergic
tone (Shuto et al., 1997). In contrast, chronic repeated administra-
tion in rats was found to increase levels of dopamine in specific
areas of the brain, including the cerebral cortex, hypothalamus,
and medulla oblongata but not the hippocampus or thalamus (Ku-
mai et al., 2000). Also, when looking at synaptic dopamine levels
specifically in the mesolimbic system, one study found that LPS-in-
duced peripheral inflammation causes a significant increase in this
area (Borowski et al., 1998).

Given what is known about dopaminergic signaling in de-
creased locomotor behavior, there is reason to believe that ‘‘too
much’’ dopaminergic tone may exist specifically in the neural sys-
tems underlying fatigue. Dopaminergic neurotransmission is regu-
lated in part by two major types of receptors (Meyer and Quenzer,
2005). Activation of D1-like receptors (i.e., D1 and D5) causes an
increase in the rate of cyclic adenosine monophosphate (cAMP)
production inside the cell, which results in an increase of dopa-
mine synthesis inside the cell. Activation of D2-like receptors
(i.e., D2, D3, D4) causes a decrease in cAMP activity with subse-
quent decreased production of dopamine. D2-like receptor activa-
tion can also increase the opening of potassium ion channels on the
cell membrane, thus facilitating a hyperpolarization of the neuron
and decreasing its excitability. These inhibitory D2-like receptors
reside on both the presynaptic cell as an autoreceptor and on the
postsynaptic cell (Dunlop and Nemeroff, 2007), and their role in
psychomotor retardation is well-established. For example, quinpi-
role, a standard D2/D3 agonist used in experimental research since
the early 1980s (see review by Levant et al., 1992), causes in-
creased spontaneous locomotion. Conversely, full antagonism of
D2 function can result in complete psychomotor retardation in ro-
dents, as exemplified by high doses of the first generation antipsy-
chotic drug and D2 receptor antagonist, haloperidol (Meyer and
Quenzer, 2005). In accord with this finding, fatigue can often be
the biggest side effect reported by patients taking haloperidol in
clinical trials (Gothelf et al., 2003). Thus, it is conceivable that re-
sults showing increased activity in the nigrostriatal tract in pa-
tients undergoing proinflammatory immunotherapy and a
correlation between this activity and fatigue in cancer patients
(Capuron et al., 2007; Juengling et al., 2000) could be mediated
by decreased function of D2-like receptors in that area of the brain,
giving rise to an increase in dopaminergic tone. However, further
research is needed to confirm D2-like receptor deficiency as a def-
inite mechanism of inflammation-dopamine alternations in can-
cer-related fatigue.
4. Biobehavioral factors that influence inflammation and
cancer-related fatigue

As described previously, the basic model underlying research on
inflammation and cancer-related fatigue suggests that tumors and
the treatments used to treat them activate pro-inflammatory cyto-
kines, leading to fatigue. However, there is considerable variability
in the extent of the inflammatory response and in the experience of
fatigue in cancer populations. This is particularly evident in the
post-treatment period, with some patients reporting high and per-
sistent fatigue symptoms and other reporting very low levels of fa-
tigue (Donovan et al., 2007). At this point, our understanding of
factors that influence the severity and persistence of inflammation
and associated symptoms of fatigue in cancer patients and survi-
vors is extremely limited. Identification of these factors is impor-
tant for advancing our understanding of this symptom and for
improving detection and treatment of vulnerable patients. In this
section, we examine biological factors that are known to regulate
pro-inflammatory cytokine production and have been associated
with fatigue in cancer survivors and/or other populations, includ-
ing polymorphisms in inflammatory risk genes, alterations in the
hypothalamic–pituitary-adrenal (HPA) axis, and alterations in the
cellular immune system and reactivation of latent herpesviruses.
We also consider psychological and behavioral factors that may
contribute to cancer-related fatigue through inflammatory path-
ways, including depression, sleep disturbance, psychological stress,
and physical activity/body mass index (BMI). These factors are
illustrated in Fig 1. Of note, some of these factors (e.g., SNPs, early
life stress) are present prior to cancer diagnosis and treatment,
whereas others (e.g., cellular immune system, HPA axis) may also
be influenced by treatment exposures. Also, these factors may
influence the onset, the severity, and/or the persistence of can-
cer-related fatigue.

4.1. Polymorphisms in inflammation-related genes

Genetic factors play an important role in regulating proinflam-
matory cytokine production. Single nucleotide polymorphisms
(SNPs) that influence quantitative gene expression levels have
been identified in the promoters of IL1B (�511 bases upstream of
the transcription start site), IL6 (�174), and TNF (�308), as well
as other locations (Smith and Humphries, 2009). There is prelimin-
ary evidence that inflammation-related SNPs are associated with
cancer-related fatigue during and after treatment. In a sample of
185 patients undergoing radiation therapy for breast, prostate,
lung, or brain cancer, polymorphisms in TNFA and IL6 were associ-
ated with elevations in fatigue (Aouizerat et al., 2009; Miaskowski
et al., 2010). Jim and colleagues also found an association between
polymorphisms in TNFA and IL6 and fatigue in a small sample of 53
prostate cancer patients undergoing androgen deprivation therapy
(Jim et al., 2012). In a large sample of lung cancer survivors, Rausch
and colleagues found that polymorphisms in IL1B and IL1RN were
associated with fatigue (Rausch et al., 2010). Similarly, we found
an association between polymorphisms in IL1B and IL6 and fatigue
in breast cancer survivors (Collado-Hidalgo et al., 2008), although
these findings were not replicated by another group (Reinertsen
et al., 2011). Of note, cytokine polymorphisms have been linked
to fatigue in other patient populations (Carlo-Stella et al., 2006;
Piraino et al., 2012) and to clinical outcomes in cancer patients
(DeMichele et al. 2009).

4.2. HPA axis alterations

Alterations in immune regulatory systems provide another
plausible mechanism for elevated inflammatory activity and asso-
ciated symptoms of fatigue in cancer populations. The HPA axis is
known to regulate pro-inflammatory cytokine production (McE-
wen et al., 1997) via alterations in glucocorticoid production and/
or decreased sensitivity of the glucocorticoid receptor (GR) to hor-
mone ligation (Raison and Miller, 2003). We have shown deficits in
both pathways in breast cancer survivors with persistent fatigue.
In particular, fatigued breast cancer survivors show alterations in
diurnal cortisol slope, with elevated levels of evening cortisol
(Bower et al., 2005b) as well as blunted cortisol responses to psy-
chological stress (Bower et al., 2005) that are correlated with eleva-
tions in stimulated cytokine production (Bower et al., 2007). To
probe alterations in glucocorticoid receptor sensitivity, we con-
ducted genome-wide transcriptional profiling of leukocytes from
an independent sample of fatigued breast cancer survivors. Results
showed a marked down-regulation of genes with response ele-
ments for the glucocorticoid receptor in fatigued vs. non-fatigued
survivors, suggesting a state of functional GR resistance (Bower
et al., 2011a). Reduced GR sensitivity may contribute to the tonic
upregulation of NF-jB observed in fatigued survivors (Bower
et al., 2011a), consistent with studies linking GR desensitization
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to increased NF-jB activity in non-cancer populations (Cole et al.,
2007; Miller et al., 2009; Miller et al., 2008b). Research in other
cancer populations has also supported a link between HPA altera-
tions and fatigue. For example, in a sample of ovarian cancer pa-
tients, higher levels of evening cortisol and reduced cortisol
variability were associated with fatigue, vegetative depression,
and functional disability (Weinrib et al., 2010).

Because these findings come from cross-sectional studies, it is
unclear whether alterations in the HPA axis drive, or are driven
by, inflammatory processes. In a longitudinal study of patients
with malignant melanoma undergoing treatment with inter-
feron-alpha (IFN-a), exaggerated HPA axis responses to the initial
IFN-a administration predicted subsequent development of
depression (Capuron et al., 2003), suggesting that HPA alterations
may set the stage for behavioral disturbances in cancer patients.
Further, HPA axis alterations have been observed in chronic fatigue
syndrome and other fatigue-related disorders, and may act as a
vulnerability factor for the development of these syndromes (Nater
et al., 2008; Cleare, 2003; Crofford et al., 1994; Catley et al., 2000).
Additional research on the role of HPA axis alterations in cancer-re-
lated fatigue (and other cancer-related behavioral disturbances) is
required.

4.3. Cellular immune system and latent herpesvirus activation

Cancer treatments can cause pronounced and prolonged altera-
tions in the cellular immune system (Rotstein et al., 1985; Soloma-
yer et al., 2003), which may underlie long-term alterations in
inflammatory activity. In our previous research, we have shown
alterations in T cell populations and myeloid dendritic cells in
breast cancer survivors with persistent fatigue that are correlated
with inflammatory processes (Bower et al., 2003; Collado-Hidalgo
et al., 2006). Other groups have shown more global changes in the
cellular immune system in relation to fatigue, including elevations
in leukocyte numbers among fatigued breast cancer survivors
(Landmark-Hoyvik et al., 2009; Alexander et al., 2009).

Another potential explanation for elevated inflammatory pro-
cesses in cancer patients is reactivation of latent herpesviruses
(Glaser et al., 2005; Nazmi et al., 2010). A recent study conducted
with breast cancer patients prior to treatment found that elevated
CMV antibody titers were associated with a greater likelihood of
being fatigued, as well as higher levels of CRP (Fagundes et al.,
2012). These findings are consistent with earlier studies showing
an association between seropositivity to latent herpesviruses and
depressive symptoms in cardiac patients (Miller et al., 2005;
Appels et al., 2000). Cancer treatments such as chemotherapy pro-
mote viral reactivation and associated increases in inflammatory
markers (Kuo et al., 2008), which may have long-term implications
for immune regulation and recovery as well as behavioral
symptoms.

4.4. Psychological and behavioral factors

A number of psychological and behavioral factors are correlated
with fatigue in cancer patients and survivors. We focus here on fac-
tors that have been linked with inflammatory processes and may
influence fatigue through this pathway. Fatigue is strongly corre-
lated with depression in cancer populations (Jacobsen et al.,
2003), and history of depression predicted post-treatment fatigue
in a longitudinal study of breast cancer survivors (Andrykowski
et al., 2005). Given links between depression and inflammation
(Howren et al., 2009; Raison et al., 2006), including increased
inflammatory response to challenge in depressed individuals (Pace
et al., 2006), it is possible that prior or current depression may set
the stage for elevated inflammatory processes and associated
symptoms of fatigue during cancer diagnosis and treatment.
Similarly, sleep disturbance is correlated with cancer-related fati-
gue (Bower et al., 2000) and with inflammation (Irwin, 2002) and
could plausibly contribute to inflammation-related fatigue in can-
cer populations.

Another psychosocial factor that may increase risk for inflam-
mation and fatigue is psychological stress, including stress in early
life. Both acute and chronic stressors are associated with elevations
in proinflammatory cytokines (Steptoe et al., 2007; Kiecolt-Glaser
et al., 2003), though links between stress and cancer-related fati-
gue have not been established. Early life stress is also associated
with increased inflammation (Taylor et al., 2006; Danese et al.,
2007) as well as elevated fatigue symptoms (McCauley et al.,
1997) and chronic fatigue syndrome (Heim et al., 2006) in non-
cancer populations. There is preliminary evidence that breast can-
cer survivors who experienced abuse or neglect as children report
higher levels of fatigue (as well as elevated distress and reduced
quality of life) (Fagundes et al., 2012). Together, these findings sug-
gest a potential role for psychological stress in the etiology of can-
cer-related fatigue.

Physical inactivity and elevated body mass index (BMI) are both
linked with cancer-related fatigue; indeed, in a large longitudinal
study of women with early-stage breast cancer, BMI emerged as
one of the key predictors of fatigue at 6 months and 42 months
post-treatment (Donovan et al., 2007). These factors are also corre-
lated with increased inflammatory markers (O’Connor et al., 2009b)
and might influence fatigue through inflammatory pathways.

5. Conclusions, recommendations, and implications for
treatment

The evolving literature on cancer-related fatigue increasingly
supports the hypothesis that inflammation is associated with fati-
gue symptoms in cancer populations. The evidence linking inflam-
mation and fatigue in cancer survivors is particularly strong, with
consistent findings emerging from large, well-controlled studies
of breast cancer survivors. At this point, there are no well-estab-
lished animal models of cancer-related fatigue, which limits our
ability to probe the underlying mechanisms for this symptom. Ini-
tial evidence suggests that the tumor itself, radiation, and chemo-
therapy can elicit increases in inflammation as well as alterations
in locomotor activity in animal models, but links between these
systems are still under investigation. The development of animal
models of cancer-related fatigue is an important avenue for future
research.

This review also highlighted several new frontiers in research
on cancer-related fatigue. There is growing interest in neural
mechanisms underlying inflammation-related fatigue, with a focus
on dopaminergic pathways. However, there has been minimal
examination of these processes in cancer patients and survivors.
This is a promising avenue for future research. Another important
research direction is the identification of factors that increase risk
for inflammation and fatigue. There are a number of plausible bio-
logical and psychological factors that may contribute to cancer-re-
lated fatigue through inflammatory pathways. However,
longitudinal studies of fatigue are still extremely limited, and to
our knowledge none have simultaneously examined biological
and psychological risk factors for fatigue and associated mecha-
nisms in a prospective study design. This type of integrated assess-
ment is critical for determining who is at risk for fatigue and why,
which will direct the development and implementation of person-
alized, targeted interventions for prevention and treatment.
Although not highlighted here, there is also substantial interest
on ‘‘symptom clusters’’ in cancer populations and the potential
for common underlying mechanisms.

At the methodological level, we have found stronger links
between cancer-related fatigue and downstream markers of
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inflammatory activity (e.g., sTNF-RII, IL-1RA, CRP) as compared to
noisier instantaneous plasma cytokine levels (e.g., IL-1b, IL-6).
These downstream markers may provide a more robust, stable,
and sensitive marker of systemic inflammation, facilitating the
detection of relationships with fatigue. Thus, we recommend their
incorporation in future research, particularly studies with post-
treatment survivors.

Another issue of great importance in this field is the develop-
ment of effective treatments for cancer-related fatigue. If fatigue
is driven by activation of pro-inflammatory cytokines, cytokine
antagonists may have promise for reducing this symptom in can-
cer populations. Indeed, clinical trials have documented benefi-
cial effects of cytokine antagonists on fatigue in patients with
inflammatory disorders (Tyring et al., 2006), and there is preli-
minary evidence that these therapies may also decrease fatigue
in patients with advanced cancer. In a study of patients with ad-
vanced malignancies undergoing weekly docetaxel chemother-
apy, those randomized to receive eterancept, a TNF decoy
receptor, reported significantly lower levels of fatigue (Monk
et al., 2006). Our research group (Bower, Ganz, Irwin, & Cole)
conducted a small pilot study to evaluate the acute effects of inf-
liximab, a monoclonal antibody against TNF, in breast cancer
survivors with severe, persistent fatigue. The five women en-
rolled in this trial had completed their cancer treatments at least
one year previously, showed no evidence of cancer recurrence,
and were determined to be healthy after careful screening. Par-
ticipants completed daily diaries for two weeks before and after
receiving a single dose of infliximab to assess changes in the
severity and duration of daily fatigue. All five women reported
reductions in daily fatigue, including a mean 1.9 point decrease
in ‘‘worst’’ fatigue from pre- to post-treatment (range = 0.3–2.7
point decrease). These very preliminary findings require replica-
tion in a larger, double-blind trial, but do offer initial support for
a possible role of cytokine antagonists as therapeutic agents for
post-treatment fatigue.

Many cancer patients and survivors will not be eligible for or
interested in treatment with cytokine antagonists or other phar-
macotherapies (e.g., methylphenidate; Minton et al., 2011). For-
tunately, psychological and behavioral approaches also show
considerable promise for treating cancer-related fatigue. In ran-
domized controlled trials with cancer populations, exercise has
been associated with reduced fatigue (Kangas et al., 2008); exer-
cise also leads to reductions in inflammatory markers in cancer
patients (Fairey et al., 2005), and may influence fatigue through
effects on inflammatory processes. We recently evaluated a spe-
cialized yoga intervention for breast cancer survivors with per-
sistent fatigue and found clinically significant improvements in
fatigue and vigor in survivors randomized to yoga vs. health
education (Bower et al., 2011c). Cognitive-behavioral therapy is
also effective in reducing fatigue among cancer survivors with
severe, persistent fatigue (Gielissen et al., 2006). Both yoga and
cognitive-behavioral therapies are associated with reduced
inflammatory activity (Kiecolt-Glaser et al., 2010; Pullen et al.,
2008), including decreased activity of the pro-inflammatory tran-
scription factor NF-jB (Antoni et al., 2012), suggesting one path-
way for their beneficial effects. Ultimately, identifying the
mechanisms underlying cancer-related fatigue and developing
targeted interventions to prevent and/or ameliorate this symp-
tom will enhance survivorship and long-term quality of life in
the growing population of cancer survivors.
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