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Summary

Background: Androgen deprivation therapy (ADT) often worsens fatigue in patients with prostate
cancer, producing symptoms similar to chronic fatigue syndrome (CFS). Comparing expression
(mRNA) of many fatigue-related genes in patients with ADT-treated prostate cancer versus with
CFS versus healthy controls, and correlating mRNA with fatigue severity may clarify the differing
pathways underlying fatigue in these conditions.
Methods: Quantitative real-time PCR was performed on leukocytes from 30 fatigued, ADT-
treated prostate cancer patients (PCF), 39 patients with CFS and 22 controls aged 40—79,
together with ratings of fatigue and pain severity. 46 genes from these pathways were included:
(1) adrenergic/monoamine/neuropeptides, (2) immune, (3) metabolite-detecting, (4) mitochon-
drial/energy, (5) transcription factors.
Results: PCF patients showed higher expression than controls or CFS of 2 immune transcription
genes (NR3C1 and TLR4), chemokine CXCR4, and mitochondrial gene SOD2. They showed lower
expression of 2 vasodilation-related genes (ADRB2 and VIPR2), 2 cytokines (TNF and LTA), and 2
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metabolite-detecting receptors (ASIC3 and P2RX7). CFS patients showed higher P2RX7 and lower
HSPA2 versus controls and PCF. Correlations with fatigue severity were similar in PCF and CFS for only
DBI, the GABA-A receptor modulator (r = �0.50, p < 0.005 and r = �0.34, p < 0.05). Purinergic
P2RY1 was correlated only with PCF fatigue and pain severity (r = +0.43 and +0.59, p = 0.025 and
p = 0.001).
Conclusions: PCF patients differed from controls and CFS in mean expression of 10 genes from all 5
pathways. Correlations with fatigue severity implicated DBI for both patient groups and P2RY1 for
PCF only. These pathways may provide new targets for interventions to reduce fatigue.
# 2013 Elsevier Ltd. All rights reserved.
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With 98% of prostate cancer patients surviving for 5 years or
more after diagnosis and initial treatment, it is increasingly
important to determine the physiological pathways under-
lying symptoms that affect quality of life (QOL) in these
survivors, and to improve medical management of these
symptoms. One symptom with a powerful impact on QOL is
cancer-related fatigue (CRF), defined by the National Com-
prehensive Cancer Network as a persistent subjective sense
of tiredness that interferes with daily functioning, is not
proportional to activities, is not fully relieved by rest, and
results in a chronic state of exhaustion. CRF is reported to
seriously affect QOL in over 40% of prostate cancer patients
treated with androgen deprivation therapy (ADT) (Escalante
and Manzullo, 2009; Storer et al., 2012). ADTwith leuprolide
and related drugs is the current treatment of choice to
improve survival for metastatic prostate cancer patients,
who often use ADT for many months or years. ADT is also
used, with lower doses and shorter treatment periods, for
localized prostate cancer.

It is clear that the initiating causes of fatigue in ADT-
treated prostate cancer patients are primarily the cancer
itself and the treatments for that cancer; however, the
specific fatigue-related neurological, energy metabolism
and immune pathways that are functionally altered by these
causal factors and may enhance daily fatigue in ADT-treated
prostate cancer have not been established. Jager et al.
(2008) has proposed that pro-inflammatory changes in
immune function, anemia, and altered activity of the
hypothalamic-pituitary-adrenal (HPA) and serotonergic sys-
tems may individually or interactively contribute to this
excess fatigue. Similarly, Ryan et al. (2007) hypothesized
that: ‘‘In any individual, the etiology of CRF probably involves
the dysregulation of several physiological and biochemical
systems . . . 5-HT neurotransmitter dysregulation, vagal affer-
ent activation, alterations in muscle and ATP metabolism,
hypothalamic-pituitary-adrenal axis dysfunction, circadian
rhythm disruption, and cytokine dysregulation.’’ If these
specific dysregulated pathways are identified, targeted
treatments to alleviate this CRF may be developed.

One approach that has been used to examine pathways
associated with fatigue in breast cancer and during inter-
feron-alpha treatment in chronic hepatitis, as well as in
other disorders such as chronic fatigue syndrome (CFS) and
multiple sclerosis (MS), is to examine peripheral blood cell
gene expression (mRNA) of multiple fatigue-related genes
(Kerr, 2008; Light et al., 2009, 2012; Bower et al., 2011a,b;
Felger et al., 2012; White et al., 2012). This method is
efficient by allowing many physiological targets to be exam-
ined from a single blood sample, and the mRNA reflects both
genetic (inherited) and environmental influences. Because
environmental influences vary across individuals and over
time in the same individual, the latter is either a strength or
a vulnerability depending upon whether stability is a sig-
nificant concern. For CFS, studies attempting to use such
gene expression as a stable and reproducible diagnostic
biomarker have been unable to replicate a consistent profile
of differences from controls, due in part to the heteroge-
neity of the syndrome and to month-to-month variations in
status (Kerr, 2008; Galbraith et al., 2011; Frampton et al.,
2011). The less challenging objective in the current study
was to use leukocyte gene expression to identify potentially
dysregulated pathways linked to pathological fatigue in ADT-
treated prostate cancer or CFS. For this objective, the same
pattern of differential effects need not be present in all or
even the majority of these patients but possibly only in
subgroups whose levels influence group means. Of specific
interest in this regard are the patients whose current fatigue
level is more severe.

Many fatigue-related symptoms reported by ADT-treated
prostate cancer patients overlap with those reported by
patients with CFS, including earlier fatigue onset and
decreased performance during exercise, low energy, dis-
turbed sleep, muscle weakness, and increased ‘‘mental
fog’’, and immune-related symptoms like feelings of unwell-
ness (Jager et al., 2008; Saylor et al., 2009; Storer et al.,
2012). Other symptoms seem specific to the syndrome of CFS,
including post-exertional malaise, widespread muscle and
joint pain with no evidence of injury, and orthostatic intol-
erance (Fukuda et al., 1994; Saiki et al., 2008; White et al.,
2012). Thus, it is plausible that debilitating daily fatigue in
these two chronic conditions may involve both shared and
different physiological pathways.

In the present study, we used 46 genes representing 5
general pathways: (1) adrenergic, monoamine and peptides;
(2) immune response and inflammation; (3) sensory ion
channel receptors responding to adenosine triphosphate
(ATP) and other metabolites of muscle activity; (4) mitochon-
drial and other genes involved in lipid/energy metabolism;
and (5) transcription and growth factors (see Table 1). Among
these are genes that were over-expressed during our prior
studies of post-exertional fatigue in CFS: both sensory (ASIC3,
P2RX4, TRPV1) and adrenergic receptors (ADRA2A, ADRA2C,
ADRB1, ADRB2) and cytokines IL6, IL10, TNF (formerly TNFa)
and LTA (formerly TNFb). Because of the importance of ATP in
muscle activity, we included other purinergic ion-channel
ATP-receptors, P2RX1 and P2RX7, and G protein coupled
purinergic receptors P2RY1 and P2RY2, as well as another
subtype of the acid-sensing family, ASIC1, and another tran-
sient vanilloid receptor, TRPV4. Based on prior research (Saiki
et al., 2008; Hsiao et al., 2013), we also included genes with



Table 1 Genes by general pathway and class.

Pathways Classes Genesa

Adrenergic, monoamines,
peptides [inc. 4 vasodilatory
(indicated as underlined genes)]

Adrenergic, serotonin, dopamine,
oxytocin, vasoactive peptide,
enzymes/peptidases

ADRA2A, ADRA2C, ADRB1, ADRB2,
COMT, DRD4, HTR1D, OXT, OXTR,
PSMA4, SULT1A1, VIPR2

Immune response and
Inflammation

Cytokines, antigen receptors,
chemokine, cytotoxic

CXCR4, DBI, GZMA, IL10, IL6, LTA,
NFKB1, NR3C1, TNF, TLR4

Sensory ion channels (ATP-
and metabolite sensing)

Purinergic ion channel and G protein
Acid sensing
Transient vanilloid receptor
Potassium

P2RX1, P2RX4, P2RX7, P2RY1 and
2 ASIC1, ASIC3 TRPV1, TRPV4 HCN2

Mitochondria and lipid/
energy metabolism

Electron transport chain + others ATP5E, COX5B, DBI, NDUFS5, SOD2, HSPA2

Transcription and
growth factors

Transcriptional, matrix associated APP, CREB1, DBI, NFKB1, NR3C1,
NR3C2, NRG1, PPARA, SIRT1,
SPARC, STAT5A, TLR4, VEGFA

a ABI primers used for all genes are identified in Supplemental Table 1.Note that NFKB1, NR3C1 and TLR4 are listed as both Immune and
Transcription genes, while DBI is listed as Immune, Energy metabolism and Transcription.
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important roles in mitochondrial function and energy/lipid/
heat metabolism (ATP5E, COX5B, DBI, HSPA2, NDUFS5, and
SOD2) and regulators of transcription and cell proliferation
(APP, CREB1, CXCR4, PPARA, SIRT1, STAT5A, TLR4, VEGFA,
VIPR2, NR3C1, NRG1, and NFKB1). A key member of the
energy, immune and transcription subgroups, the diazepam
binding inhibitor (DBI, the GABA-type A receptor modulator)
is involved in lipid metabolism, is able to displace benzodia-
zepines on the GABA receptor and thus influences mood
regulation, and controls transcription of adrenal steroids
influencing immune function including cortisol. TLR4,
NR3C1 and NFKB1 have major roles in regulating transcription
of cytokines and other inflammatory pathways that have
been hypothesized to contribute to sensations of illness
and malaise, altered sleep and eating patterns and other
components of CRF (Barsevick et al., 2010; Gupta et al.,
2011; Bower et al., 2011a).

Supplementary material related to this article can be
found, in the online version, at http://dx.doi.org/
10.1016/j.psyneuen.2013.08.008.

Also of special interest were fatigue-relevant genes pre-
viously associated with metastatic tumors. These included
chemokine receptor CXCR4, a gene that has been associated
with prognosis and metastases in prostate cancer (Furusato
et al., 2010; Jung et al., 2011; Kasina and Macoska, 2012),
and superoxide dismutase-2 (SOD2), an intracellular mito-
chondrial anti-oxidant enzyme associated with increased
prostate cancer risk in Caucasians (Kang et al., 2007). Two
other genes in our profile, vascular endothelial growth factor
(VEGF) and vasoactive intestinal peptide receptor (VIPR2),
are linked to cellular proliferation and prostate cancer pro-
gression, and VIPR2 activity influences vasodilation and blood
flow in brain and other tissues (Collado et al., 2005; Naga-
kawa et al., 2005; Wang et al., 2011). Several other targeted
genes also influence vasodilation, including adrenergic
receptor types alpha 2a (ADRA2A) and 2c (ADRA2C) and
beta-2 (ADRB2), the oxytocin prepropeptide (OXT) and its
receptor (OXTR). Of these vasoactive genes, prior findings of
decreased expression in ADT-treated prostate cancer cells
led us to focus on the ADRB2 (Ramberg et al., 2008). If ADT
also leads to decreases in ADRB2 receptors in the vasculature,
this could enhance fatigue by decreasing blood flow to
muscles and brain during physical and mental activity.

1. Overview of current research

Our two primary aims were: (1) to determine whether ADT-
treated prostate cancer patients with daily fatigue (PCF
group) showed differences in mean mRNA levels from non-
fatigued controls and from CFS patients for 46 fatigue-rele-
vant genes, since these differences may indicate functional
dysregulation in pathways that are involved in fatigue; (2) to
determine which mRNAs from our 46 fatigue-relevant genes
are related to current fatigue severity, using both simple
correlation and stepwise regression approaches. Quantita-
tive real-time polymerase chain reaction (QPCR) was used to
assess mRNA levels of these 46 genes on leukocytes. Mean
mRNA levels were compared in 30 PCF patients, 39 CFS
patients and 22 controls. Although all subjects were over
age 40 to restrict the age range to that typical of patients
with prostate cancer, we did not attempt to match the PCF
and CFS patient groups for fatigue severity or gender. PCF
patients are of course all males and CFS patients are pre-
dominantly females, with a gender ratio of 6:1 or higher
(Yunus, 2002; Capelli et al., 2010). Instead our approach was
to recruit and test representative samples of patients within
each group, so that our findings would readily generalize to
the PCF and CFS populations over age 40. We also included
individuals with fatigue symptoms ranging from milder to
more severe in order to support our second aim, which was to
examine whether greater fatigue severity associated with
greater up- or down-regulation of any of these genes. Inter-
correlations of mRNA levels for different genes were also
examined using cluster analysis, to assess whether increases
and decreases in expression of the genes under study changed
together in a coordinated fashion. Such intercorrelation
clusters may reveal the ways in which modifying one or
two key fatigue-related genes could influence many others
and thus have broad effects.

http://dx.doi.org/10.1016/j.psyneuen.2013.08.008
http://dx.doi.org/10.1016/j.psyneuen.2013.08.008
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2. Methods

2.1. Participants

Participants included 91 subjects including 30 with prostate
cancer and increased daily fatigue (PCF), 39 with chronic
fatigue syndrome (CFS), and 22 healthy non-fatigued con-
trols. All provided written informed consent, and study
procedures were approved by the University of Utah Institu-
tional Review Board. As is typical for older adults in Utah, the
sample was 97% white, with 3% Hispanics (1 in each group).
Inclusion criteria were as follows. To allow matching of the
age range to our PCF group, all participants were aged 40—79
years. All PCF and CFS patients were recruited from the
practices of our collaborating specialist physicians (NA and
LB), who confirmed their primary diagnoses. Both PCF and
CFS patients were required, during recent clinic visits, to
have reported 2 or more of the following 6 symptoms linked
to increased daily fatigue burden affecting QOL: easy fatig-
ability, reduced muscle strength, sleep or mood distur-
bances, need for daytime rest, increased memory or
concentration problems, and decreased ability to exercise
and be active (range 2—6, mean = 4.8). All healthy controls
were required to report no more than 1 of these symptoms
(mean = 0.4). All PCF patients were required to be at least 3
months post-surgery, and to be on stable maintenance med-
ical management of their condition that included recent
treatment with the ADT agent, leuprolide. The CFS patients
were required to meet the Fukuda et al. (1994) diagnostic
criteria for myalgic encephalomyelitis/chronic fatigue syn-
drome (CFS), consisting of a cluster of symptoms lasting at
least 6 months that includes profound, remitting/relapsing
fatigue that impairs functioning, for which no specific cause
can be determined and which is not relieved by rest or
recovery, as well as at least 4 of 8 additional specific syn-
dromic symptoms. Healthy non-fatigued controls were
recruited from the community surrounding the medical cen-
ter. Exclusionary criteria included the following. For all
participants, any neurocognitive or other health problem
that might limit ability to provide informed consent or to
complete our questionnaires. For the controls, an additional
exclusion was any chronic health problem other than medi-
cally controlled hypertension or depression, which are com-
mon in an older adult sample. Recall that female gender was
not exclusionary; the large majority of patients with CFS are
female, and to exclude females would greatly limit the
meaningfulness of our findings for CFS (Yunus, 2002; Capelli
et al., 2010). Instead we managed possible gender differ-
ences by statistical approaches described hereafter.

Also, of the 30 PCF patients, 27 (90%) had Stage IV meta-
static tumors compared to only 3 with Stages I—III localized
tumors. This is in part because maintenance leuprolide use,
which was required for inclusion in the PCF group, is more
common in metastatic prostate cancer. Aside from ADT, other
features of their treatment varied, with 13 patients having
had prostatectomy, 16 receiving chemotherapy and 12 trea-
ted with radiation therapy (including palliative radiation).
The most common prior or current medical treatments other
than leuprolide were zoledronic acid (Zometa; n = 19) as
treatment for hypercalcemia of malignancy, and bicaluta-
mide (Casodex; n = 15) as a second anti-androgen treatment.
Due to use of leuprolide and other anti-antiandrogens, tes-
tosterone levels of all the PCF patients approached zero
(mean � SEM = 3.96 � 0.72 ng/dl); although testosterone
was not determined for the other groups, the normal range
in men aged 40—79 is 300—890 ng/dl.

2.2. Procedure

2.2.1. Ratings of chronic daily fatigue, current fatigue
and pain, and depression
Participants were first interviewed about their medical history,
gave permission to reconfirm this information in their medical
records, and also completed questionnaires rating chronic
daily fatigue, current fatigue and pain severity, and current
depressive symptoms. To assess the effects of daily fatigue on
QOL, all subjects completed the Rand Medical Outcomes Study
Short Form-36 (MOS-36); our focus was on the Energy/Fatigue
subscale of the MOS-36, which rates how much of the time the
patient recalls feeling worn out, tired or lacking in energy over
the past month. In addition to completing the MOS-36 to assess
their daily fatigue status over the past month, subjects also
provided numerical ratings of their current level of physical
fatigue and overall body pain, using a 0—100 scale (where
0 = no fatigue or no pain and 100 = the most extreme fatigue or
pain imaginable). To assess current depressive symptoms,
participants completed the Quick Inventory of Depressive
Symptomatology-Self Report 16 (QIDS); scores of 6 or higher
on the QIDS are indicative of depression (Furukawa, 2010).
QIDS items 1—4 address sleep difficulties, including problems
falling asleep, staying asleep, and needing excessive night and
daytime sleep. These items were used to identify how many
patients in each group had sleep problems.

2.3. mRNA extraction and analysis

Following completion of medical history and questionnaires, a
single blood sample was taken, the white blood cells (WBCs)
manually removed and rapidly processed as described below.
All blood processing and analyses were performed by personnel
blinded to the subject’s group. Blood was collected in EDTA
tubes, and a timer started when the draw was complete.
Within 10 min after blood collection, the blood was centri-
fuged at 3200 rpm (1315 � g, Clay Adams Compact II Centri-
fuge) for 12 min, plasma removed, and the WBC layer carefully
collected and placed in RLT + b-ME (Qiagen, Valencia, CA),
then quickly frozen using a methanol-dry ice slurry, and stored
at �80 8C. RNA was extracted using RNeasy kits (Qiagen,
Valencia, CA), according to manufacturer’s directions, and
treated with RNase-free DNase-I (Qiagen, Valencia, CA) to
prevent genomic contamination. Immediately following
extraction, RNA was retrotranscribed to a cDNA library using
the ABI High Capacity cDNA Archive Kit (Applied Biosystems,
Inc., Foster City, CA). The cDNA samples were stored at �2 8C
until analysis. RNA integrity was assessed with a Bioanalyzer,
and consistently found to have values greater than 9. The mean
QPCR cycle counts for the reference gene, TF2B, were virtually
identical in all groups, averaging 23.7 � 0.2 (SEM) for control
subjects, 23.7 � 0.2 for PCF and 23.6 � 0.2 for CFS. These
values and variations indicate consistent, high quality integrity
and sufficient amounts of RNA for accurate analysis of the
amount of mRNA in these experiments.
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The cDNA libraries were analyzed using the ABI quantita-
tive, real-time QPCR system on the ABI Prism 7900 Sequence
Detection System (SDS) 2.4.1 (Applied Biosystems, Inc., Fos-
ter City, CA), using ABI TaqMan Master Mix (Applied Biosys-
tems, Inc., Foster City, CA). Master Mix/primer plus primer/
probe solutions and template solutions were separately
loaded onto 96 well pre-plates. Then 384 well plates were
robotically loaded and mixed from the 96 well plates. Each
targeted gene was examined in duplicate, with TF2B stan-
dards being run in quadruplicate. Additional control samples
containing no template were also run. Primer probes for the
46 genes were obtained from TaqMan Gene Expression Assays
(Applied Biosystems, Inc., Foster City, CA) and are listed in
Supplemental Table S1. QPCR data was processed using the
ABI’s SDS program with count values for genes computed in
the curve log-linear using a standard 0.2 threshold. Gene
expression amounts relative to TF2B were determined using
the dCT method, the count difference of each of the candi-
date genes from the reference gene TF2B. The efficiency of
TF2B is close to 100% when the count (CT) values are less than
30 (with threshold set at 0.2). We considered as acceptable
only TF2B values less than 26 to ensure that our efficiencies
were high, and all samples with CT > 25 were re-run using
back-up samples obtained concurrently with the original
samples. TF2B was selected from an array of 16 reference
genes (including 18-S, GAP-DH, Beta-actin and PSMB6) as the
most stable and having the lowest standard deviation in both
controls and patients.

2.4. Statistical analysis

Despite similar age ranges in all groups, the CFS patients and
controls had lower mean ages than the PCF group (see Table
2), and included both genders. To control for possible age or
gender effects contributing to any group differences, mRNA
data were first analyzed using 3-group ANCOVAs with age and
gender as covariates. Only when we obtained a significant
effect of Group after adjusting for age- or gender-related
effects did we then examine comparisons among means to
determine whether the PCF group differed from CFS or
Controls or both groups. To further rule out any possible
gender effects, a second set of mean comparisons was per-
formed using only data from same-gender subgroups (e.g.,
male controls and male CFS patients vs. the PCF patients, and
female controls vs. female CFS patients). When mRNA data
Table 2 Patient characteristics: ratios, percent, means and stan

Group Gender, M/F Age MOS energy
0—100

Fatigue
0—100

PCF 30/0 65.1 [1.4] 32.7 [5.3] 30.3 [3.9] 

CFS 10/29 56.0 [1.2] 8.3 [4.5] 71.3 [2.8] 

CON 10/12 52.7 [1.7] 72.4 [6.6] 2.9 [1.2] 

For gender ratio and age, PCF > CFS and CON ( p < 0.01); thus, to co
covariates in data analyses, and mean comparisons in all subjects are
For energy, fatigue and pain measures, all 3 groups differ from each oth
with gene expression levels are performed within the 2 patient group
For proportions of the subgroups with depression (defined as total QIDS 

1—4), and regular exercise (defined as brisk walking or more vigorous ex
not differ from each other, but both patient groups differed from CON
were found to be significantly skewed (non-normal distribu-
tions), analyses were repeated after log transformation.

Pearson correlations between current fatigue and pain
severity ratings and mRNA levels for specific genes were also
calculated separately for the PCF and the CFS groups, and
stepwise regression was then used to identify the genes that
could be combined to yield the strongest predictive models.
Cluster analyses based on the associations between mRNA
levels of different genes were performed within the 2 patient
groups, to indicate whether increased or decreased expres-
sion of specific genes might, in fact, be linked to a larger
integrated multi-gene pattern.

Unlike whole genome microarray, which involves thou-
sands of genes, most of which have no a priori justification for
expecting to obtain group differences or associations with
fatigue, this study examined a much smaller set of 46 genes,
each from pathways shown to modulate fatigue, pain, muscle
performance, blood flow, energy metabolism or mood. Thus,
the need to control for false positive findings with multiple
comparisons was in fact well balanced against the potential
error of false negatives in this first investigation to compare
expression of these genes in CFS and PCF groups. Never-
theless, to address the increased risk of false positive findings
with multiple comparisons, alpha level was set at p = 0.025
rather than the conventional p = 0.05 for the initial ANCOVAs
comparing the 3 groups, and for the stepwise regression
models. For all other analyses, p = 0.05 was used.

3. Results

3.1. Fatigue and pain severity, depression, sleep
and exercise in the 3 groups

For the Energy/Fatigue subscale of the MOS-36 (Table 2), CFS
patients had consistently very low energy levels (range 0.0—
45.8, mean = 8.3), and controls had consistently high energy
levels (range 62.6—100.0, mean = 72.4). Scores of PCF
patients showed no overlap with controls, but did overlap
with the CFS group, although their group mean was signifi-
cantly higher than CFS (range 4.2—58.3, mean = 32.7,
p < 0.001).

Current ratings of fatigue severity and pain severity (Table
2) were also significantly higher in the CFS than the PCF
patients (71.3 vs. 30.3 and 51.4 vs. 18.3, p < 0.001). These
dard errors [in brackets].

Pain
0—100

Depression
# and %

Sleep problems
# and %

Regular exercise
# and %

18.3 [4.5] 13 (43%) 27 (90%) 4 (13%)
51.4 [4.0] 20 (51%) 36 (92%) 4 (10%)
2.5 [0.8] 0 6 (27%) 16 (73%)

ntrol for these potential confounds, gender and age are used as
 repeated in males-only and females-only subgroups.
er ( p < 0.001); thus, analyses correlating fatigue and pain severity
s separately.
score >5), sleep problems (defined as score >1 on QIDS sleep items
ercise for 20 min or longer at least twice weekly), PCF and CFS did

 ( p < 0.01).



Table 3 Genes showing significant differences in patient groups versus controls. Mean mRNA levels relative to control gene (�SEM) after adjustment for age and sex differences
where one or both were significant covariates.

(A) Genes down-regulated in PCF group

Gene PCF CFS CON Overall group p PCF vs. CFS PCF vs. CON CFS vs. CON

ADRB2** 6.63E�01 � 8.80E�02 10.03E�01 � 6.60E�01 9.64E�01 � 8.20E�02 0.016 0.004 0.025 0.507
VIPR2 4.17E�03 � 2.75E�03 6.86E�03 � 2.75E�03 6.51E�03 � 4.22E�03 0.003 0.000 0.023 0.703
ASIC3 3.94E�03 � 2.22E�03 6.07E�03 � 2.44E�03 5.41E�03 � 2.02E�03 0.001 0.000 0.018 0.291
P2RX7** 4.70E�02 � 3.30E�02 7.90E�02 � 5.00E�03 6.20E�02 � 6.00E�03 0.003 0.009 0.010 0.007
TNF** 1.27E�01 � 1.50E�02 1.90E�01 � 1.10E�02 1.78E�01 � 1.40E�02 0.015 0.004 0.026 0.463
LTA* 4.39E�02 � 5.49E�03 6.03E�02 � 4.20E�03 6.34E�02 � 5.07E�03 0.025 0.036 0.013 0.633

(B) Genes up-regulated in PCF group

Gene PCF CFS CON Overall group p PCF vs. CFS PCF vs. CON CFS vs. CON

CXCR4** 2.89E+00 � 2.11E�01 2.15E+00 � 1.49E�01 1.78E+00 � 1.88E�01 0.003 0.013 0.001 0.116
NR3C1 4.88E�01 � 2.61E�01 3.45E�01 � 1.84E�01 3.32E�01 � 1.31E�01 0.008 0.018 0.010 0.751
SOD2 2.28E+01 � 6.66E+00 1.85E+01 � 7.10E+00 1.66E+01 � 6.45E+00 0.006 0.018 0.002 0.283
TLR4 5.33E�01 � 3.73E�01 3.34E�01 � 1.11E�01 3.10E�01 � 7.06E�02 0.000 0.008 0.003 0.312

(C) Genes up- or down-regulated in CFS group

Gene PCF CFS CON Overall group p PCF vs. CFS PCF vs. CON CFS vs. CON

P2RX7** 4.70E�02 � 3.30E�02 7.90E�02 � 5.00E�03 6.20E�02 � 6.00E�03 0.003 0.009 0.010 0.007
HSPA2 1.62E�02 � 2.20E�02 0.38E�02 � 0.48E�02 1.46E�02 � 2.20E�02 0.006 0.011 0.807 0.032
* With gender only as significant covariate.
** With age and gender as significant covariates, p < 0.05.
Expressed in scientific notation units where E+01 = x10, E+00 = x1, E�01 = x0.1, E�02 = x0.01, etc. All outcomes remained significant when repeated after log transformation.
In male-only subgroup comparisons, all differences remain significant except for P2RX7 where PCF vs. CFS p = 0.067, and PCF vs. CON p = 0.46. In female-only comparisons for CFS vs. CON, all
differences remain significant.
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ratings for current fatigue and pain were highly correlated for
both the PCF and the CFS groups (r = +0.62 and +0.64,
p < 0.001, respectively), indicating that fatigue and pain
are not fully independent symptoms.

For depression, 13 of 30 PCF patients (43%) and 20 of 39
CFS patients (51%) scored in the range of mild to moderate
depression on the QIDS (6 or higher), proportions which were
not significantly different. Both patient groups differed sig-
nificantly from the CON group, where no subject scored
above 5 on the QIDS ( p < 0.01; Table 2). Sleep problems
were reported by more of the PCF and CFS patients compared
to controls (90% and 92% vs. 27%, p < 0.01), while more
controls reported exercising regularly compared to the PCF
and CFS patients (73% vs. 13% and 10%, p < 0.01; Table 2).

3.2. Mean group differences in gene expression

For 10 genes, after adjustment for gender and age differences
between groups, the PCF group differed from both the CFS and
Controls (Table 3). PCF patients showed significantly higher
mRNA than CFS and controls for 4 genes: CXCR4, NR3C1, SOD2
and TLR4. For 6 genes, the PCF group showed lower mRNA than
both other groups: ADRB2, TNF, LTA, ASIC3, P2RX7, and VIPR2.
In contrast, the CFS group differed from controls and the PCF
group for only 2 genes (see Table 3). The CFS patients had
higher P2RX7 and lower HSPA2 mRNA compared to both the PCF
and control groups. Note that even for P2RX7, where both the
PCF and CFS groups differed from controls, the direction of
difference was the opposite. There was no gene where both
the PCF and CFS groups differed from controls in the same
direction. These outcomes were unchanged when repeated
after log transformation for those 5 genes where raw data had
a significant skew (transformed VIPR2, SOD2, TLR4, HSPA2,
p < 0.002, NR3C1, p < 0.05). Also, when these mean compar-
isons were repeated using same-gender subgroups to verify
that this factor was not influencing the outcomes, all group
differences remained significant except P2RX7, which then
was still marginally significant for the PCF versus CFS differ-
ence ( p < 0.067) but no longer significant for the PCF versus
CON difference ( p > 0.40). Thus, we concluded that all our
Figure 1 Relationship between each patient’s rating of current fa
levels.
Open squares/broken line = CFS, filled diamonds/solid line = PCF. F
(r = �0.35 and �0.50, R2 = 0.12 and 0.25, p < 0.05 and p < 0.005, 

(r = �0.39, R2 = 0.15, p < 0.05) and non-significant for PCF (r = �0.25
levels than the CFS group ( p < 0.001).
analyses reconfirmed that our group differences were not due
to gender effects.

3.3. Are higher or lower mRNA levels associated
with current fatigue and pain severity:
correlations and stepwise regression models

Numerical ratings of current physical fatigue and pain sever-
ity at the time of blood sampling were examined for correla-
tions with expression of individual genes within the PCF and
the CFS groups. In both the patient groups, higher current
fatigue was correlated with lower expression of one gene,
the GABA receptor modulator DBI (r = �0.50, p < 0.005 and
r = �0.34, p < 0.05, respectively; see Fig. 1A). Higher fatigue
in CFS also was associated with lower VIPR2 (r = �0.39,
p < 0.025), a gene which showed decreased expression in
the PCF group as a whole (see Fig. 1B). Other relationships
differed between the two patient groups. In the PCF group
but not the CFS group, higher ratings of both fatigue and pain
were correlated with higher expression of purinergic recep-
tor P2RY1 (r = +0.43 and +0.59, p = 0.025 and p = 0.001,
respectively; see Fig. 2A for fatigue only).

In addition to P2RY1, higher pain in the PCF group was
correlated with higher expression of 3 adrenergic receptors,
ADRB1, ADRA2A and ADRA2C (r = +0.48, +0.43, and +0.40,
p < 0.01, p < 0.025 and p < 0.035, respectively), and 3 mito-
chondrial mRNAs, ATP5E, HSPA2 and NDUFS5 (r = +0.52,
+0.43, and +0.42, p < 0.01, p < 0.04 and p < 0.05, respec-
tively). Also, in the PCF group only, higher current fatigue
was correlated with lower expression of 2 genes that were
significantly decreased in the PCF group versus CFS or con-
trols, TNF (r = �0.39, p < 0.03; see Fig. 2B) and P2RX7
(r = �0.40, p < 0.03), and with 3 other mRNAs, APP
(r = �0.43, p < 0.025), P2RX4 (r = �0.42, p < 0.025) and
OXT (r = �0.40, p < 0.03). For the CFS group but not the
PCF group, higher pain ratings were correlated with higher
LTA (r = +0.37, p < 0.025) and SIRT1 (r = +0.34, p < 0.035). It
is noteworthy that trends for the two cytokines, TNF and LTA,
are opposite for the 2 patients groups, with higher gene
expression linked to greater symptom severity in CFS and
tigue severity versus: (A) DBI mRNA levels and (B) VIPR2 mRNA

or DBI, this relationship is significant for both patient groups
respectively). For VIPR2, this relationship is significant for CFS
, R2 = 0.06, p = 0.16). PCF patients have lower group mean VIPR2



Figure 2 Relationship between each patient’s rating of current fatigue severity versus: (A) P2RY1 mRNA levels and (B) TNF mRNA
levels.
Open squares/broken line = CFS, filled diamonds/solid line = PCF. For P2YR1, this relationship is significant for PCF (r = +0.43, R2 = 0.18,
p < 0.025) but entirely absent for CFS (r = 0.0). For TNF, this relationship is significant for PCF (r = �0.39, R2 = 0.15, p < 0.05), and non-
significant for CFS (r = +0.25, R2 = 0.06, p = 0.12). Although not significant independently, in stepwise regression, higher TNF is a
significant second predictor of fatigue severity for the CFS group when added to DBI ( p < 0.05). PCF patients have lower group mean
TNF levels than the CFS group ( p < 0.004).
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lower expression to greater symptom severity in PCF. These
relationships were enhanced or unaltered when adjusted for
age and gender differences.

We next used stepwise regression to determine which of
these genes in combination might yield the strongest pre-
dictive models for current fatigue and pain severity, testing
separately for the PCF and CFS groups. For predicting fatigue
severity, DBI together with P2RY1 yielded the best model in
the PCF group (R2 = 0.359; adjusted R2 = 0.311, p < 0.002),
and DBI with TNF yielded the best model for the CFS group
(R2 = 0.341, adjusted R2 = 0.285, p < 0.002). For predicting
pain severity, a model based on P2RY1, ATP5E, and NDUFS5
together accounted for most of the total pain variance in PCF
patients (R2 = 0.630; adjusted R2 = 0.587, p < 0.0001), while
DBI and LTA together yielded the best model for the CFS
patients (R2 = 0.307, adjusted R2 = 0.268, p < 0.001). Thus,
lower DBI expression was confirmed as a predictor of fatigue
severity in both patient groups, as well as predicting pain
severity in the CFS group. Higher P2RY1 contributed to pre-
diction of fatigue severity, and together with higher expres-
sion of 2 mitochondrial genes, showed excellent prediction of
pain severity in the PCF group only. Lower expression of pro-
inflammatory cytokines TNF and LTA combined with lower DBI
to predict fatigue and pain respectively in the CFS group.

3.4. Patterns of up-regulation or down-
regulation of multiple fatigue-relevant genes:
clusters based on intercorrelations of mRNA
levels

In the PCF patients, intercorrelations of mRNA levels yielded
2 clusters (see Fig. 3). Cluster 1 can be termed the Energy and
Adrenergic Activation Cluster. It included 9 genes: 3 adre-
nergic receptors (ADRB1, ADRA2a and ADRA2c), 3 mitochon-
drial/energy metabolism genes (HSPA2, ATP5E and NDUFS5),
1 transcription gene influencing immune function (TLR4), and
the chemokine receptor (CXCR4), plus the key gene with
strongest prediction of fatigue and pain severity, P2RY1
(intercorrelation r’s = +0.41 to +0.95, p < 0.05 to
p < 0.0001). Cluster 2 can be termed the Inflammation
and Vasodilation/Metabolite sensing cluster. It included 2
inflammatory cytokines (TNF and LTA), 3 transcriptional
genes also linked to inflammation (DBI, NR3C1 and SIRT1),
3 genes associated with vasodilation (ADBR2, VIPR2 and OXY),
and 3 ion channel genes responsive to ATP and other meta-
bolites increased by muscle activity (ASIC3, P2RX4 and
P2RX7) (intercorrelation r’s = +0.37 to +0.88, p < 0.05 to
p < 0.0001). Note that this second cluster included all 6 of
the genes that were significantly down-regulated in the PCF
group.

In the CFS group, intercorrelations also revealed 2 clus-
ters, both similar to the PCF clusters. (Correlation coeffi-
cients in Fig. 3 that are not underlined were significant in the
CFS as well as the PCF group; r = +0.30 to +0.99, p < 0.05 to
p < 0.0001.) Although the same genes were included in these
clusters for both the PCF and CFS groups, only 31 of the 50
correlations were significant for the CFS group (62%), sug-
gesting that increases and decreases in expression of these
genes may occur in a more tightly integrated way in the PCF
versus the CFS group.

4. Discussion

4.1. Mean group differences in gene expression

Our findings reinforce the interpretation that CRF is a com-
plex phenomenon, in part because the systems that influence
fatigue are very complex. That complexity is reflected in our
finding that 10 genes (consisting of 1 or more from each of the
5 pathways studied) were either over-expressed or under-
expressed in the PCF group. For each of these 10 genes, the
PCF group differed in the same way from the healthy controls
as from the CFS group (who like the PCF group included many
patients on non-study medications, and had more depression,
sleep problems, and pain than controls). This suggests that
our PCF group differences were not a result of these potential



Figure 3 Cluster 1 (P2RY1 with energy/mitochondrial and adrenergic receptors) and cluster 2 (DBI and TNF with inflammatory,
vasodilation and metabolite sensing markers), based on intercorrelations of mRNA levels in the fatigued prostate cancer (PCF) group.
Numbers depict Pearson r values for 2 genes connected by a line ( p < 0.05 to p < 0.0001). Those r values that are underlined are
significant only in the PCF group, while those that are not underlined are also significantly correlated for the CFS group. Key genes
(larger type, underlined) are best predictors of fatigue severity in stepwise regression: DBI with P2RY1 for PCF group, and DBI with TNF
for CFS group.
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confounding factors. Likewise, because the PCF mean mRNA
differences remained significant after use of age and gender
as covariates and after restricting comparisons to single
gender subgroups, we also conclude that these differences
were not due to age or gender.

Of the 10 genes with altered expression in the PCF group, 5
were immune-related. The up-regulation of chemokine
receptor CXCR4 was expected in view of the previous
research linking this gene with prostate cancer metastases
(Furusato et al., 2010; Jung et al., 2011; Kasina and Macoska,
2012), given that 90% of this PCF sample had Stage IV meta-
static tumors. Similarly, TLR4 which transcriptionally regu-
lates cytokine production was over-expressed along with
another transcriptional cytokine regulator, NR3C1. However,
2 pro-inflammatory cytokines, TNF and LTA, showed reduced
expression in PCF. Although these findings appear inconsis-
tent, the lower TNF and LTA mRNAs may actually reflect over-
activation of these cytokines in our PCF group, since
decreased mRNA can be a marker of homeostatic secondary
efforts working to correct for excessive activity.

Recently, Hsiao et al. (2013) reported both up-regulated
and down-regulated expression of different mitochondrial
genes in PCF patients. Of the 6 energy/mitochondrial genes
in our study, SOD2 mRNA was increased in PCF, and HSPA2
mRNA was decreased in CFS. Both increased and decreased
SOD2 expression has been previously reported in metastatic
prostate cancer (Kang et al., 2007; Quiros et al., 2009; Sharifi
et al., 2008; Thomas and Sharifi, 2012). Our finding of
decreased HSPA2 in CFS also replicated prior research (Saiki
et al., 2008). Although dysregulation in mitochondrial gene
expression may be a result of fatigue and inactivity as well as
causing fatigue, these findings suggest that pathways
involved in energy functions could be targets for new thera-
pies to reduce fatigue in both PCF and CFS.
Other genes that were down-regulated in the PCF group
included 3 that we previously associated with post-exertional
worsening of fatigue in CFS: ASIC3, P2RX4 and ADRB2 (Light
et al., 2009, 2012). ASIC3 and P2RX4 receptors work together
as a receptor complex to detect ATP, lactate and other
metabolites of muscle activity (Light et al., 2008), and ADRB2
receptors are also co-localized with them and may modulate
the activity of these metabolite-detecting receptors. In our
prior exercise studies, mRNA for these receptors was mark-
edly increased at 8, 24 and 48 h post-exercise in CFS patients,
concurrent with increases in both fatigue and pain. In the
present study as in those prior studies, the CFS group did not
show altered expression of these receptors in the absence of
an exercise challenge. In fact, only 2 genes (P2RX7 and
HSPA2) were either up- or down-regulated in the CFS group
using this resting baseline sample, many fewer than in the
PCF group. It is acknowledged that because this sample of
CFS patients were all over age 40, and included mostly peri-
and postmenopausal women, these findings may not be
representative of younger CFS patients, who are often stu-
died in their 20s and 30s. Still, this reinforces our prior
interpretation that dysregulated fatigue pathways in CFS
are more clearly revealed after exercise than at rest.

P2RX7 was not included in our prior research, but it is also
activated by ATP, and like P2RX4, it has a role in modulation of
nociception, particularly for inflammatory pain states
(Toulme et al., 2010). In this study, the expression of
P2RX7 was decreased in the PCF group. This is in contrast
to the CFS patients, who showed increased expression of
P2RX7. Since decreased mRNA may reflect a secondary
response to increased levels of specific receptors, future
studies examining protein levels of this purinergic receptor
will be needed to verify whether both patient groups show
similar or different alterations in P2RX7 function.
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In addition to its synaptic interactions with the metabo-
lite-sensing receptors, the adrenergic receptor ADRB2 influ-
ences vasodilation, and hypertrophy of muscle fibers and its
supportive vasculature. Previously, Ramberg et al. (2008)
found that ADRB2 mRNA was up-regulated in prostate carci-
noma cells, and ADT led to reduced expression of those
receptors on the malignant cells. We had hypothesized that
ADTwould have this down-regulation effect on ADRB2 recep-
tors on leukocytes as well, and our findings supported this
hypothesis, suggesting a generalized decrease in these
receptors throughout the body. Such decreases in ADRB2
could contribute directly to the muscle mass decreases,
decreased exercise performance and sensations of weakness
that many patients on ADT experience. For patients who are
able to maintain muscle mass, decreased ADRB2 could influ-
ence fatigue by impairing the local regulation of blood flow
that occurs during physical or even mental activity.

4.2. mRNA levels correlated with fatigue or pain
severity and with expression of other fatigue-
related genes

For the PCF group, the stepwise regression indicated that
fatigue severity was best predicted by 2 genes that were not
altered in this patient group as a whole: lower DBI and higher
P2RY1. In CFS patients, it was best predicted by lower DBI and
higher TNF. Named the diazepam binding inhibitor (but more
commonly known as the GABA receptor modulator), DBI is a
gene involved in energy regulation via lipid metabolism,
modulation of mood via the GABA-A receptor, and transcrip-
tion of adrenal steroids including testosterone and corticos-
terone (thereby affecting immune function). DBI can thus
directly affect fatigue through all the general pathways that
we examined except metabolite-detecting sensory ion chan-
nels, and it may influence that last pathway indirectly since
our cluster analysis showed DBI to be strongly correlated with
P2RX7 and ASIC3. In our PCF sample, lower expression of both
purinergic receptors P2RX7 and P2RX4, like lower DBI, was
correlated with more severe current fatigue. Dysregulation
of DBI mRNA was previously reported in a sample of CFS
patients (Saiki et al., 2008), but to our knowledge, ours is the
first study linking it to CRF. Regarding functions of P2RY1,
activation of this G protein coupled metabotropic receptor
increases mobilization of intracellular calcium ions, and
influences signaling by thermal polymodal receptors, micro-
glial activity and inflammation-related pain sensitivity (Tsuda
et al., 2010). Recently, P2RY1 mRNA was shown to be
increased in the dorsal root ganglion and dorsal horn in a
rat model of cancer-induced bone pain, and application of a
P2RY1 antagonist reduced nociceptive behavior (Chen et al.,
2012). These observations reinforce the interpretation that
some dysregulated pathways, such as DBI, are shared by
fatigued patients with both disorders, but others, such as
P2RY1, appear to be specific to prostate cancer fatigue.
Higher TNF was associated with greater fatigue and pain in
the CFS but not the PCF group, who had lower overall TNF and
LTA levels than controls or CFS. Previous studies attempting
to correlate fatigue severity with higher circulating levels of
multiple pro-inflammatory cytokines in cancer patients have
yielded both positive and negative findings (Wang et al.,
2010; Bower et al., 2011a,b; Wang et al., 2012; de Raaf
et al., 2012; Cameron et al., 2012). TNF was unrelated to CRF
severity in a meta-analysis of 18 correlational studies (Schu-
bert et al., 2007).

Fatigue severity was highly correlated with pain severity
in both the PCF and the CFS groups (r = +0.62 and +0.64),
which may partly explain why DBI was a predictor of both
symptoms for CFS, and P2RY1 was a predictor of both symp-
toms for PCF patients. Prior studies have noted that pain,
fatigue and depression are part of a co-occurring symptom
cluster in cancer survivors, and patients with those symptoms
frequently show signs of dysregulated adrenergic, HPA-axis
and immune functions (Thornton et al., 2010; Bower, 2012;
Jaremka et al., 2013; Wang et al., 2012; Wood and Weymann,
2013). Our findings generally support this pattern. As shown
in our intercorrelation clusters for the PCF group (Fig. 3), DBI
and glucocorticoid receptor NR3C1 (both involved in tran-
scription of immune genes) correlated with cytokines TNF
and LTA, and with vasodilatory genes and ion channel recep-
tors responsive to ATP and other metabolites of muscle
activity. In the other intercorrelated cluster, P2RY1 expres-
sion correlated with adrenergic receptors ADR2A, ADR2C, and
ADRB1 as well as mitochondrial genes ATP5E, NDUFS5 and
HSPA2. Greater pain severity in the PCF group was also
correlated with expression of these adrenergic and mito-
chondrial genes, as well as P2RY1. These intercorrelation
clusters indicate that fatigue and pain in PCF (and to a lesser
extent, in CFS) involve multiple pathways that are relatively
tightly integrated. Thus, by influencing individual compo-
nents, it may be possible to affect several or all of the cluster
components, and thus have a wider impact on the patient’s
symptoms. Pain and sympathetic nervous system activity
have been directly associated in many studies, and both
alpha-adrenergic agonists and beta-adrenergic antagonists
have analgesic as well anti-inflammatory effects (Light et al.,
2009; Light and Vierck, 2009). Because of its primary role in
energy regulation, mitochondrial dysfunction has a more
obvious link to fatigue and decreased activity than to pain
(Norheim et al., 2011; Saiki et al., 2008); however, Reichling
and Levine (2009) have described ways in which mitochon-
drial dysfunction can influence sensory nerve fibers and lead
to hyperactivity in primary afferent nociceptors.

Another pathway with evidence of dyregulation in both
patient groups was VIPR2, which was under-expressed in the
CFS patients reporting higher fatigue severity, and down-
regulated in PCF patients as a group. This gene has roles
regulating vasodilation and hypoxia within the central ner-
vous system as well as the periphery, which could influence
both physical and mental fatigue, and also influences noci-
ception and immune function (Staines et al., 2009). Brenu
et al. (2011) previously reported an increase in expression of
this gene in a younger sample of CFS patients. Our findings in
this CFS patient group aged 40—71 may differ in direction
from prior observations, but they are consistent in identifying
this pathway as dysregulated in CFS, and suggest that this
dysregulation may contribute to fatigue in prostate cancer
patients as well.

More severe fatigue in PCF patients was also associated
with lower expression of APP, OXT, and TNF. The APP gene
influences multiple pathways, including cell adhesion, neu-
ronal development, synaptogenesis and neurite outgrowth,
transcriptional regulation, and apoptosis (Zheng and Koo,
2011). In our lab, lower plasma oxytocin has been associated
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with decreased vasodilation during stressors (Grewen and
Light, 2011), and OXTadds a third pathway to the lower VIPR2
and ADRB2 already described as vasodilatory factors that
were down-regulated in PCF patients. ADRB2, OXT and APP
expression were not related to fatigue or pain severity in the
CFS group, again indicating that not all fatigue-related path-
ways are shared by both disorders.

In our PCF sample, we assume that the initiating causes of
the patients’ fatigue are the cancer itself and the treatments
for this condition, particularly the long-term treatment with
ADT. Based on the encouraging findings of the present initial
study suggesting that the maintenance of this fatigue may be
influenced by changes in multiple neural and immune path-
ways, future investigations may be designed to test prostate
cancer patients before and at multiple time points after
starting ADT. Comparing ADT-treated patients with fatigued
prostate cancer patients who have not been maintained on
ADT would also provide valuable information on whether the
patterns we observed relate solely to use of this treatment
modality. This would permit examination of whether some of
our observed increases or decreases in gene expression are
due to the cancer itself rather than the combined effects of
cancer plus ADT. Such studies would also permit assessment
of within-subject increases and decreases in fatigue, and
whether directional changes in gene expression co-occur
with these fatigue variations. This type of repeated assess-
ment is valuable in studying both cancer-related fatigue and
CFS, which are both chronic conditions where symptoms and
their severity change over time. These additional studies
would help in laying the foundation for defining new targets
for interventions to help manage fatigue in these disabling
chronic disorders.

4.3. Study limitations

One limitation to the present initial study is that our protocol
was limited to leukocyte gene expression, not in brain,
muscle or other tissues, and did not include determination
of protein levels associated with any of the genes under
study. Increased or decreased mRNA does not necessarily
indicate that proteins/receptors for that specific gene are
changed, and future studies should confirm that mRNA and
protein differences are the same. Another limitation is that
we did not examine whether our findings were due to changes
in specific leukocyte sub-populations. Morse and McNeel
(2010) have previously reported that although ADT does
not lead to significant changes in numbers of circulating
lymphocytes (T- and B-cells), one small T-cell subset did
increase: the CD4+ RTE group. Because these represent such
a small fraction of the total leukocytes, it is unlikely that this
increase could explain our findings.

Regarding our sample, the age range and medical history
of our patient samples limit the generalization of the present
findings. For the PCF group, the observations may not gen-
eralize to patients with localized prostate tumors since 90%
of our sample had metastatic tumors. Since our prostate
cancer patients all were treated with ADT, our findings
cannot distinguish the effect of the cancer itself from the
effect of ADT treatment. Also, our CFS patients were aged 40
and older, and most of them had been diagnosed with this
disorder many years ago. Our findings thus may not apply to
younger CFS patients, or those in the earlier stages of this
disorder. As in most studies of older adults, our PCF and CFS
groups had other age-related health issues, including mild
hypertension and clinical depression, and some were on med-
ications to treat these problems. To restrict our sample to those
patients who had no such issues would make recruitment
difficult, and furthermore would make our sample non-repre-
sentative of the typical patient populations of interest. Because
the PCF group differed in the same direction from the CFS
patients with similar health problems/medications as from the
healthy control who were mostly free of such potential con-
founds, we conclude that these factors did not substantially
influence our findings. Lastly, since we did not employ a chal-
lenge such as exercise, which previously has been very useful in
revealing altered function of a number of the pathways under
study in CFS patients, our findings may under-estimate the
pathways that are dysregulated in both patient groups.

Summary

In sum, our gene expression profiles indicated both simila-
rities and differences in fatigue-relevant pathways that may
be dysregulated in ADT-treated prostate cancer and CFS
patients, with many more mRNA differences from controls
seen in the prostate cancer group. The diazepam binding
inhibitor and vasoactive intestinal peptide receptor genes
were linked to fatigue and pain severity in both disorders,
while purinergic 2Y1 receptor, other vasodilatory pathways
and energy/mitochondrial genes were implicated in the
cancer group only. Future efforts to develop new interven-
tions to reduce fatigue and improve quality of life in these
patient groups could target one or more of these pathways.
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