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Abstract

Background—Yoga is a popular mind-body therapy that has demonstrated beneficial effects on
psychological, behavioral, and functional outcomes. However, few studies have investigated
effects on inflammatory processes. This study tested the hypothesis that an lyengar yoga
intervention specifically designed for fatigued breast cancer survivors would lead to decreases in
inflammation-related gene expression and circulating markers of proinflammatory cytokine
activity.

Methods—Breast cancer survivors with persistent cancer-related fatigue were randomized to a
12-week lyengar yoga intervention (n = 16) or a 12-week health education control condition (n =
15). Blood samples were collected at baseline, post-intervention, and at a 3-month follow-up for
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genome-wide transcriptional profiling and bioinformatic analyses. Plasma inflammatory markers
and salivary cortisol were also assessed.

Results—In promoter-based bioinformatics analyses, the yoga group showed reduced activity of
the pro-inflammatory transcription factor nuclear factor kappa B (NF-xB), increased activity of
the anti-inflammatory glucocorticoid receptor, and reduced activity of CAMP response element-
binding protein (CREB) family transcription factors relative to controls (all ps <.05). There was
also a significant intervention effect on the soluble tumor necrosis factor receptor type 1l (STNF-
RII), a marker of TNF activity; plasma levels of STNF-RII remained stable in the yoga group,
whereas levels of this marker increased in the health education group (p = .028). A similar, non-
significant trend was observed for the interleukin 1 receptor antagonist (p = .16). No significant
changes in C reactive protein (CRP), interleukin 6 (IL-6), or diurnal cortisol measures were
observed.

Conclusions—A 12-week restorative lyengar yoga intervention reduced inflammation-related
gene expression in breast cancer survivors with persistent fatigue. These findings suggest that a
targeted yoga program may have beneficial effects on inflammatory activity in this patient
population, with potential relevance for behavioral and physical health. ClinicalTrials.gov
identifier: NCT00727662.
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INTRODUCTION

Yoga is an ancient mind-body practice that has become increasingly popular in Western
culture. In Western countries, yoga typically refers to postures (asanas), breath control
(pranayama), and/or meditation. Yoga is traditionally believed to have beneficial effects on
physical and mental health, and research conducted over the past several decades has
subjected those beliefs to empirical scrutiny. Indeed, randomized controlled trials of yoga
interventions conducted with a wide range of healthy and clinical populations suggest that
yoga has beneficial effects on stress, anxiety, depressive symptoms, pain, and aspects of
physical function, although conclusions are limited by poor trial quality in many cases
(Raub, 2002; Bower et al., 2005; Bussing et al., 2012a; Bussing et al., 2012b).

There is growing interest in the effects of yoga on physiological processes that may underlie
effects on health. Inflammation plays a key role in the onset and progression of a number of
physical conditions, including cancer, cardiovascular disease, and diabetes (Libby and
Theroux, 2005; Pierce et al., 2009), and is also linked to depression, pain, fatigue, and other
behavioral disturbances (Irwin and Cole, 2011). However, there have been surprisingly few
studies examining effects of yoga on inflammatory processes. Two randomized trials
conducted with heart failure patients found that an 8-week Hatha yoga program led to
significant reductions in serum concentrations of 1L-6 and CRP relative to standard medical
treatment (Pullen et al., 2008; Pullen et al., 2010). Another study examined the impact of a
single session of lyengar-based restorative yoga on inflammatory markers in experienced
and novice yoga practitioners (Kiecolt-Glaser et al., 2010). Although the inflammatory
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response to a single yoga session was not different from a movement or passive video
control condition, experienced yoga practitioners did show evidence of lower inflammatory
activity than novices, suggesting an effect of more sustained yoga practice on inflammation.
Finally, there is limited evidence that other mind-body interventions that incorporate some
component of yoga may have anti-inflammatory effects. In particular, mindfulness-based
stress reduction (which includes gentle yoga postures), as well as yogic meditation, have
recently been shown to reduce inflammatory signaling through the pro-inflammatory NF-xB
control pathway (Creswell et al., 2012; Black et al., 2013). However, the few studies to
assess gene expression profiles in experienced yoga practitioners did not report effects on
inflammation-related genes (Sharma et al., 2008; Qu et al., 2013).

The current study examined the effects of an lyengar yoga intervention targeted at fatigue on
genomic and circulating markers of inflammation in fatigued breast cancer survivors. The
primary outcome of this randomized controlled trial was fatigue, and results showed
improvements in fatigue and energy among women assigned to the yoga group relative to
women assigned to the health education control condition (Bower et al., 2012). In addition
to behavioral outcomes, the trial was designed to examine effects on inflammatory
processes, which may underlie symptoms of cancer-related fatigue (Bower et al., 2002;
Collado-Hidalgo et al., 2006; Orre et al., 2011; Bower et al., 2011b; Alfano et al., 2012).
Based on preliminary work suggesting beneficial effects of yoga on inflammation (Pullen et
al., 2008; Pullen et al., 2010), we hypothesized that women randomly assigned to the
targeted lyengar yoga intervention would show decreases in markers of inflammatory
activity relative to health education controls. We were particularly interested in the NF-xB
signaling pathway, given its central role as a regulator of pro-inflammatory gene expression
(Aggarwal et al., 2009) and evidence of elevated NF-xB activity in fatigued breast cancer
survivors (Bower et al., 2011a). Specifically, we hypothesized that lyengar yoga would lead
to reductions in NF-xB signaling, as has been seen following other mind-body interventions
(Creswell et al., 2012; Black et al., 2013). We also hypothesized that this intervention would
lead to reductions in circulating markers of inflammation. Further, given the role of the HPA
axis and the sympathetic nervous system as key regulators of inflammatory processes (Irwin
and Cole, 2011), we evaluated the impact of the yoga intervention on transcription control
pathways linked to these systems and on diurnal cortisol production.

METHODS

Yoga Randomized Controlled Trial

Data came from a study of 31 stage 0-11 breast cancer survivors who had completed local
and/or adjuvant therapy (with the exception of endocrine therapy) at least 6 months
previously, had no evidence of active disease, had no other medical conditions or
medications that would confound immune evaluation, and were experiencing persistent
cancer-related fatigue. The presence of cancer-related fatigue was indicated by scores of 50
or below on the SF-36 energy/fatigue scale, a reliable and valid measure of energy/fatigue in
the past month (24), and self-report that fatigue was a consequence of cancer or cancer
therapy. Women were randomized to either a 12-week lyengar yoga intervention (n = 16) or
to a health education control condition (n = 15), as previously described (Bower et al.,
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2012). The yoga intervention, proposed by the lyengar system to reduce fatigue, emphasized
postures and breathing techniques that focus on passive inversions (i.e., supported upside-
down postures in which the head is lower than the heart) and passive backbends (i.e.,
supported spinal extensions) (for description of all study postures, see Bower et al. (2012)).
To evaluate the secondary outcomes of inflammation and related HPA activity, participants
provided blood and saliva samples at baseline, post-intervention, and 3 months post-
intervention. Blood draws were conducted before noon to control for diurnal influences on
immune parameters. The research was approved by the UCLA Institutional Review Board
and informed consent was obtained from all participants. The ClinicalTrials.gov identifier
for this study is NCT00727662.

As indicated in Figure 1, three participants randomized to yoga were lost to follow-up, two
at the post-intervention assessment and one at the 3 month follow-up. Samples were only
analyzed for participants who provided at least one post-treatment assessment. Thus,
analyses for inflammatory markers are based on 29 participants at post-intervention and 28
participants at the 3-month follow-up. One additional participant did not provide any saliva
samples; thus, analyses for salivary cortisol (diurnal slope) were based on 28 participants at
post-intervention and 27 at the 3-month follow-up.

Gene Expression Profiling and Bioinformatic Analysis

Blood samples for RNA collection were collected by venipuncture into PAXgene Blood
RNA tubes. RNA was extracted (Qiagen PAXgene Blood RNA Kit; Qiagen Valencia CA),
and subject to genome-wide transcriptional profiling using Illumina HT-12 v4 BeadArrays
in the UCLA Neuroscience Genomics Core following the manufacturer’s standard protocol
(IMumina Inc., San Diego CA). Quantile-normalized gene expression values were log2-
tranformed before analysis. Differentially expressed genes were identified based on = 15%
difference in magnitude of pre- to post-intervention change in average gene expression in
the treatment group vs. control (i.e., Group x Time interaction) in a mixed effect linear
model analysis controlling for age, body mass index (BMI), breast cancer stage, cancer
treatment (chemotherapy or endocrine therapy), and time since treatment completion.

TELIS promoter-based bioinformatics analyses (Cole et al., 2005) tested the hypothesis that
leukocytes from fatigued breast cancer survivors randomized to yoga would show alterations
in global gene expression profiles consistent with 1) decreased activity of the pro-
inflammatory transcription factor NF-xB (assessed by prevalence of the TRANSFAC V
$NFKB_Q6 nucleotide motif in differentially expressing promoters), 2) increased activity of
the anti-inflammatory glucocorticoid receptor (GR) (V$GR_Q6), and 3) decreased activity
of CREB transcription factors involved in $-adrenergic signaling by the sympathetic nervous
system (SNS) (V$CREB_01). The ratio of response element frequencies in the promoters of
up- vs. down-regulated genes was taken as a measure of differential activity of transcription
control pathways, and (log) ratios were averaged over 9 different parametric combinations
of promoter length (=300, —600, and —1000 to +200 bp upstream of RefSeqg-designated
transcription start site) and motif detection stringency (TRANSFAC mat_sim values of .80, .
90, and .95) to ensure robust results (Cole et al., 2005). To identify the primary cellular
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sources of differentially expressed genes, we carried out Transcript Origin Analysis as
previously described (Cole et al., 2011).

Circulating Inflammatory Markers

Blood samples for circulating inflammatory markers were collected by venipuncture into
EDTA tubes, placed on ice, centrifuged for acquisition of plasma, and stored at —80°C for
subsequent batch testing. Levels of these markers were quantified at the pre- and post-
intervention assessments only due to funding constraints. We focused on downstream
markers of pro-inflammatory cytokine activity because they are produced at higher levels
and can often be quantified more reliably than the cytokines that induce their production,
and may provide a more accurate and stable reflection of cytokine activity (Ferrucci et al.,
2004). These included the soluble TNF receptor type Il (STNF-RII), a marker of TNF-a
activity (Diez-Ruiz et al., 1995; Faustman and Davis, 2010); the IL-1 receptor antagonist
(IL-1ra), a marker of IL-1p activity (Arend et al., 1998); and C reactive protein (CRP), a
marker of IL-6 activity (Dayer et al., 2007). All of these markers have been associated with
cancer-related fatigue in previous research (Bower et al., 2002; Collado-Hidalgo et al., 2006;
Orre et al., 2009; Alexander et al., 2009; Bower et al., 2009). In addition, we assessed 1L-6
based on earlier yoga trials showing effects on this cytokine (Pullen et al., 2008; Pullen et
al., 2010).

Plasma levels of IL-1ra and STNF-RII were determined by ELISA (R&D Systems,
Minneapolis, MN) according to the manufacturer’s protocols, with a lower limit of detection
of 31 and 234 pg/ml, respectively. IL-6 levels were determined using a high sensitivity
ELISA (R&D Systems), with a lower limit of detection of 0.2 pg/ml. CRP levels were
determined by a high sensitivity ELISA (Immundiagnostik, ALPCO Immunoassays, Salem,
NH) according to the manufacturer’s protocol, but with an extended standard curve to a
lower limit of detection of 0.2 mg/L. All samples were run in duplicate. The intra- and inter-
assay precision of all tests was <5%, with the exception of IL-6, which had an inter-assay
precision of 12%. Inflammatory markers were log transformed before analysis to normalize
distributions.

Salivary Cortisol

Participants collected saliva samples at home using cotton swabs, or “Salivettes” (Sarstedt,
Inc.) for determination of diurnal changes in salivary cortisol. Subjects were instructed to
collect samples upon awakening, 30 minutes later, 8 hours later, and at bedtime for two
consecutive days. Participants were instructed not to eat, drink, or brush their teeth for at
least 15 minutes before sampling. The importance of collecting samples at designated times
was emphasized at the initial appointment, and questionnaires were administered on each
collection day to verify collection times and compliance with other instructions. Previous
studies have demonstrated the reliability of self-reported saliva collection times among
cancer patients and older populations (Kraemer et al., 2006; Dedert et al., 2012).

Participants stored samples in the refrigerator until both collection days were completed and
then returned the samples to our laboratory either in person or via express mail delivery
service. All samples were received within one week of collection; internal studies conducted
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by our laboratory have shown that saliva samples can be stored at room temperature for at
least 7 days with no changes in salivary cortisol values, consistent with findings from other
laboratories (Kirschbaum and Hellhammer, 1989). After receipt, saliva samples were frozen
and stored at —80°C until analysis. After thawing, salivettes were centrifuged at 3,000 rpm
for 5 min, which resulted in a clear supernatant of low viscosity. Salivary concentrations
were measured using commercially available chemiluminescence-immunoassay with high
sensitivity (IBL International, Hamburg, Germany). The intra and interassay coefficients for
cortisol were below 8%. All samples from a participant were analyzed in the same assay to
minimize variability.

Cortisol values were log transformed and averaged across the two collection days after
confirming via multilevel analyses that there was minimal between-day variability. The two
measures of interest were diurnal cortisol slope and total daily cortisol output, as indexed by
area under the curve. Diurnal cortisol slope was calculated by regressing hours since
awakening on logged cortisol values after removing the 30 minutes post-awakening cortisol
value. Area under the curve (AUC) was calculated with respect to ground using the
trapezoidal formula with all four cortisol values (Pruessner et al., 2003).

Statistical Analyses

Mixed effect linear models were used to analyze all outcomes, with treatment (yoga, health
education) and time as the independent factors. Note that there were three time points
(baseline, post-intervention, and 3-month follow-up) for gene expression and cortisol
measures, and two time points (baseline, post-intervention) for the circulating inflammatory
markers due to funding constraints. Analyses controlled for age, BMI, breast cancer stage
(0/1/11), use of chemotherapy (yes/no), use of endocrine therapy (yes/no), and time since
treatment completion. For substantive interpretation of intervention-induced changes in
cortisol level and gene expression within the overall 2 (Group) x 3 (Time) factorial design,
we conducted follow-up planned contrast analyses of group differences in the repeated
measures Time effect as previously described (Rosenthal & Roshow, 1985). The 1-df
contrast score (coefficients: baseline -1, post-intervention +.5, 3-month follow-up +.5),
represents the magnitude of change from baseline to the average of post-intervention and 3-
month follow-up values. Gene transcripts showing >15% difference between groups in the
value of that contrast score were subject to bioinformatic interpretation (e.g., TELiS
promoter analyses). To verify that similar changes in transcriptome regulation were
observed at both immediate post-intervention and 3-month follow-up timepoints, we also
conducted separate reparameterized analyses of group differences in the magnitude of
change in gene expression from baseline to post-intervention, and from baseline to 3-month
follow-up (again thresholding differential gene expression at 1.15-fold difference between
groups and conducting TELIS promoter bioinformatics on the resulting gene lists). Because
TELIS promoter analyses require mapping transcripts to a named human gene for analysis of
promomoter DNA sequences, differentially expressed transcripts that did not map to a
named human gene were excluded from analysis.

Psychoneuroendocrinology. Author manuscript; available in PMC 2015 May 01.
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Participant characteristics and intervention effects on behavioral outcomes including the
primary outcome of fatigue have previously been reported (Bower et al., 2012). Briefly,
participants in the current study were on average 54 years old (SD = 5.4) and had been
diagnosed with breast cancer on average 3.6 years previously (SD = 3.7). The majority had
been diagnosed with either Stage 1 (35%) or Stage Il (38%) cancer and had received
chemotherapy (52%) and endocrine therapy (69%). Groups were balanced on demographic
and disease-related characteristics at baseline with no significant group differences on these
factors (all p > .05). Intervention adherence was good and comparable across groups, with
women randomized to yoga attending an average of 78% of classes and women randomized
to health education attending an average of 77% of classes. In terms of intervention effects
on primary outcomes, there was a significant decrease in fatigue severity from baseline to
post-intervention and over a 3 month follow-up in the yoga group relative to controls
(Bower et al., 2012).

Genome-wide transcriptional profiling was carried out on blood samples collected at study
baseline, post-intervention, and 3-month follow-up. Analyses comparing the magnitude of
pre- to post-intervention change in gene expression across conditions identified 435 gene
transcripts as showing = 15% differential change over time (282 transcripts relatively up-
regulated from baseline to the average of post-intervention and 3-month follow-up in the
yoga intervention participants relative to controls, and 153 transcripts relatively down-
regulated; listed in Supplementary Data Table 1). Particularly prominent among
intervention-down-regulated genes were transcripts involved in Type | interferon responses
(e.g., GBP1, GBP2, GBP4, GBP5, |FI44, IF144L, IFIHL, IFITL, IFIT2, IFIT3, IFITS5,
IFITM3, OASL, OAS, and STATL).

The primary analyses examined intervention effects on transcription control pathways
related to inflammation. In TELIiS promoter-based bioinformatic analyses of genes showing
differential change in expression over time in yoga vs. control subjects, results indicated
reduced activity of NF-xB (mean prevalence ratio = 0.65 + 0.10 standard error, p = .0211),
increased activity of the glucocorticoid receptor (mean ratio = 1.28 + 0.07 standard error, p
=.0040), and reduced activity of CREB (mean ratio = 0.80 + 0.07 standard error, p = .0314)
(see Figure 2A). Although not initially hypothesized, results also indicated significant down-
regulation of interferon-activated transcription factors (V$ISRE: mean ratio = 0.29 + 0.08
standard eror, p = .0009). Transcript origin analyses identified genes down-regulated in
intervention participants as originating primarily from monocytes (p = .0178) and NK cells
(p =.0002) (see Figure 2B). No leukocyte subset was identified as predominately
contributing intervention up-regulated genes (all p > .16). Similar results emerged in
separate analyses of change in gene expression from baseline to the immediate post-
intervention assessment (yoga — control group difference in change over time: NF-xB = 0.47
+.20, p=.0263; GR =1.45+ .08, p=.0061; ISRE = 0.42 £+ .11, p < .0001; although CREB
did not differ significantly at this time-point: CREB = 1.02 + .21, p = .6629) and from
baseline to 3-month follow-up (yoga — control group difference in change over time: NF-xB
=0.57 + .38, p=.0018; GR =1.09 + .02, p=.0123; ISRE = 0.58 £ .18, p = .0105; CREB =
0.70 £ 1.03, p <.0001).

Psychoneuroendocrinology. Author manuscript; available in PMC 2015 May 01.
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The observed group x time interaction in transcription control pathway activity was driven
predominately by down-regulation of pro-inflammatory signaling in the intervention group.
The two groups did not differ at baseline in indicated activity of NF-xB, GR, or ISRE (all p
> .05) and CREB activity was indicated to be lower in the yoga group than in control
participants at baseline (0.75 £ .07, p = .0125; i.e., prior to the subsequent further reduction
following the intervention). Within yoga group participants, analyses indicated significant
reductions over time in activity of NF-xB (0.45 + .07, p = .0003) and CREB (0.69 £ .05, p
=.0009), and significant increases over time in activity of the GR (1.26 + .06, p = .0026)
and ISRE factors (1.23 = .08, p = .0193). Control group participants showed no significant
change over time in the activity of any of these transcription control pathways (all p > .05).

Effects on Circulating Inflammatory Markers

Levels of inflammatory markers at baseline and post-intervention are shown in Table 1.
Groups were comparable at baseline on all markers, with no significant group differences
(all p>.05). Results of mixed model analyses showed a significant group x time interaction
for STNF-RII (p = .032), controlling for age, BMI, breast cancer stage, cancer treatment, and
time since treatment completion. Post-hoc examination of within-group changes in STNF-
RII showed a significant increase in the health education group (p < .05), whereas levels
remained relatively stable in the yoga group. A similar pattern was observed for IL-1RA,
with significant increases observed in the health education group, although the overall group
x time interaction was not significant (p = .16). There was no group x time interaction for
either IL-6 or CRP (ps > .40).

Effects on Salivary Cortisol Measures

Salivary cortisol measures at baseline, post-intervention, and 3 month follow-up are shown
in Table 1. Mixed model analyses were conducted to examine intervention effects on diurnal
cortisol slope and area under the curve (AUC). There were no significant differences
between groups at baseline on these measures (ps > .05). In analyses adjusting for age, body
mass index, breast cancer stage, cancer treatment, and time since treatment completion,
there was no significant group x time interaction for either outcome. Planned contrasts also
found no significant differences in the magnitude of change in cortisol slope or AUC from
baseline to the average of both follow-up timepoints (ps > .05).

DISCUSSION

Results from this randomized, controlled trial provide initial evidence that an lyengar-based
yoga intervention designed to ameliorate fatigue not only improves that symptom but also
leads to alterations in molecular signaling pathways associated with inflammation in
fatigued breast cancer survivors. Specifically, promoter-based bioinformatics analysis
indicated decreased pro-inflammatory NF-xB-related gene expression among women
randomized to 12 weeks of lyengar yoga relative to health education controls. Previous
observational studies have documented elevated inflammatory activity in breast cancer
survivors with persistent fatigue relative to non-fatigued controls, including increased NF-
kB-signaling (Bower et al., 2011a). Results from the current trial suggest that a yoga
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intervention targeting fatigue may help dampen inflammatory signaling in this patient
population.

The intervention also had an impact on circulating inflammatory markers, particularly the
soluble TNF receptor type 1l. Women randomized to yoga showed relatively stable plasma
levels of STNF-RII over the 12-week intervention, whereas women in the health education
group showed increases in STNF-RII over this period. The STNF-RII is shed from a cell
surface following engagement by the proinflammatory cytokine TNF-a, and therefore serves
as a plasma marker of TNF activity (Diez-Ruiz et al., 1995). We have previously shown
elevated concentrations of sSTNF-RII in fatigued breast cancer survivors (Bower et al., 2002;
Bower et al., 2011b), suggesting that this marker may have particular relevance for cancer-
related fatigue. A similar pattern was observed for IL-1RA, which remained stable in the
yoga group and increased in the health education group, although this effect was not
significant. No intervention effects on IL-6 or CRP were observed.

Only a handful of previous studies have examined yoga effects on markers of inflammation.
There is preliminary evidence that mind-body interventions that incorporate some
component of yoga (i.e., mindfulness-based stress reduction, yogic meditation) reduce
inflammatory signaling through the NF-xB control pathway (Creswell et al., 2012; Black et
al., 2013), consistent with our results. In addition, there is preliminary evidence that yoga
can influence circulating inflammatory markers. Two randomized trials conducted with
heart failure patients found decreases in CRP and IL-6 after an 8-week yoga intervention
(Pullen et al., 2008; Pullen et al., 2010); of note, initial levels of these markers were
considerably higher in the heart failure patients relative to the breast cancer survivors in our
trial, which may explain why changes in CRP and IL-6 were not observed in the current
study. In a non-randomized yoga trial conducted among patients with more comparable
levels of inflammatory markers, there was a significant decrease in plasma levels of TNF-a
but no change in plasma IL-6 among female participants (Yadav et al., 2012). This pattern is
generally similar to our results, with intervention effects observed for STNF-RII but not for
IL-6, although in our trial this effect was driven by an increase in STNF-RII levels among
control group participants. Previous studies comparing movement-based therapies to health
education have also shown increases in inflammatory markers in the control group. For
example, Nicklas and colleagues observed increases in circulating levels of CRP and IL-6
among older individuals randomized to a health education control condition at the 6 month
assessment relative to those randomized to exercise, whose levels remained relatively stable
at this assessment point (Nicklas et al., 2008). In observational studies of older adults,
chronic stress is associated with immune dysregulation, including an increase in circulating
inflammatory markers over time (Kiecolt-Glaser et al., 2003). It is possible that we are
observing a similar trend in TNF-a activity among control group participants in the current
study, which is buffered among yoga group participants. Longer-term follow-up is needed to
determine whether circulating markers eventually decline in the yoga group, following the
decrease in inflammatory signaling noted here in transcriptome-based bioinformatics.

What are the mechanisms through which yoga might influence inflammatory processes? The
current results suggest two potential pathways. First, we found that yoga significantly
increased the expression of genes bearing glucocorticoid receptor (GR) response elements,
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indicating increased glucocorticoid signal transduction. Previous research has documented
decreased GR-mediated gene expression among breast cancer survivors with persistent
fatigue, which may contribute to chronic inflammation (Bower et al., 2011a). If this
intervention causes glucocorticoid receptors to become more sensitive to the anti-
inflammatory effects of cortisol, allowing more of this hormonal signal to be “heard” by the
cell, this may lead to decreases in inflammatory signaling such as those observed in the
current trial. Of note, we did not find significant changes in cortisol production following
the yoga intervention, as indexed by diurnal cortisol slope and total daily cortisol production
(AUC). In addition, effects of yoga on GR signaling remained significant in analyses
controlling for salivary cortisol measures. The few previous yoga trials that have collected
saliva samples over the course of the day for assessment of salivary cortisol have yielded
inconsistent results, with intervention effects seen at specific times of day but not on
summary measures of cortisol rhythm (slope) or output (AUC) (Vadiraja et al., 2009;
Banasik et al., 2011). Overall, our results suggest that yoga may influence the sensitivity of
GRs, rather than daily cortisol production, although further research is needed to determine
the impact of yoga on specific aspects of the HPA axis. It may also be helpful to assess
blood cortisol levels, which may provide a more robust measure of yoga effects (Yadav et
al., 2012).

A second potential pathway for yoga’s anti-inflammatory effects may be alterations in
sympathetic nervous system signaling. Bioinformatic analyses indicated reduced activity of
CREB family transcription factors in yoga arm participants, which may indicate reduced
sympathetic nervous system signaling through B-adrenergic receptors (Sanders and Straub,
2002). B-adrenergic signaling can activate NF-xB and upregulate transcription of pro-
inflammatory cytokine genes (Bierhaus et al., 2003; Irwin and Cole, 2011); thus, decreases
in CREB factors may lead to reductions in inflammatory processes. Two previous studies
have documented alterations in autonomic nervous system function among experienced
yoga practitioners following one or more sessions of lyengar-based yoga, including reduced
sympathetic and increased parasympathetic activity (Khattab et al., 2007; Kiecolt-Glaser et
al., 2010). Other practices involving meditative movement, such as Tai Chi, also lead to
decreases in sympathetic activity among experienced practitioners (Motivala et al., 2006).
The impact of yoga on autonomic nervous system activity and corresponding changes in
inflammation is a promising direction for future research.

In addition to effects on inflammatory and neuroendocrine-related signaling pathways,
results indicated down-regulation of genes involved in Type | interferon (IFN) responses
and reductions in IFN-related transcription factors. Treatment with IFN-a is known to cause
symptoms of fatigue in patients with melanoma and hepatitis C (Capuron and Miller, 2004),
though links with cancer-related fatigue outside the context of IFN treatment have not
previously been documented. Fatigue is associated with elevated antibody titers to
cytomegalovirus (CMV) in breast cancer patients (Fagundes et al., 2012), suggesting an
association between latent viral reactivation (and possible increases in IFN signaling
pathways) and cancer-related fatigue. Regardless of etiology, the present data suggest an
additional biological signaling dynamic beyond classical pro-inflammatory cytokines that
may contribute to cancer-related fatigue and potentially mediate the salutary effects of yoga.
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This study had several limitations, most notably the small, highly selected sample. For this
initial trial, we restricted participation to breast cancer survivors with persistent cancer-
related fatigue who were otherwise healthy and willing to participate in a time-consuming
intervention program. Given the limited sample size in this study, the present gene
expression analyses are not powered to discover new statistically significant associations
between experimental condition and the expression of any given transcript. The sets of
differentially expressed genes reported here serve only as inputs into higher-order gene set-
based bioinformatics analyses testing a limited number of a priori hypotheses regarding
shared transcription factor promoter motifs (i.e., inflammation-related NF-xB, GR, and
CREB factors) and shared cellular origin (i.e., pro-inflammatory monocytes) as documented
in previous gene expression reference studies. None of the specific transcript-experimental
condition point estimates in Supplemental Table 1 should be interpreted as statistically
reliable. As a related limitation, the number of biological outcomes examined was high
relative to the number of participants; though all outcomes were selected based on a priori
hypotheses about biological underpinnings of fatigue, results should be regarded are
preliminary. It will be important to replicate these findings in a larger trial, and to determine
if effects are generalizable to a broader group of breast cancer survivors.

In addition, although the inclusion of an active control group is an important strength of the
study, the yoga and health education conditions were not matched for class frequency or
duration and it is possible that benefits seen in the yoga group may be attributable in part to
the higher number of intervention hours received. Future studies should match class
frequency and duration across conditions. It will also be informative to compare yoga to
more physically-oriented control conditions (e.g., stretching, walking) and to relaxation to
probe the active components of this intervention. Finally, future research should include a
longer-term follow-up to determine the persistence of effects on behavioral and biological
outcomes.

Our findings add to a small but growing body of literature on the anti-inflammatory effects
of mind-body interventions and specifically the molecular processes that regulate expression
of inflammation-related genes. Randomized controlled trials of cognitive-behavioral stress
management for breast cancer patients (Antoni et al., 2012), mindfulness-based stress
reduction for older adults (Creswell et al., 2012), and Kirtan Kriya Meditation (a yogic
meditation chanting practice) for family dementia caregivers (Black et al., 2013) have all
documented significant reductions in NF-kB-related gene expression. Results from the
current trial suggest that an lyengar-based, restorative yoga program also leads to alterations
in inflammation-related transcriptional control pathways, which may have enduring effects
on inflammatory processes (Slavich and Cole, 2013). Given the importance of inflammation
for behavioral symptoms (Miller et al., 2008) and disease outcomes (Pierce et al., 2009) in
cancer patients, interventions that reduce inflammation hold significant promise in this
population.
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Assessed for eligibility (n= 255)

Excluded (n=224)
+ Not meeting inclusion criteria (n=188)
o Cancer-related exclusions (n= 56)
o Medical exclusions (n = 51)
o Not fatigued/fatigue due to another
condition (n = 41)
o Menopause/age exclusions (n= 39)
o Enrolled in other study (n = 1)
+ Declined to participate (n=36)

Randomized (n=31)

l Allocation J 1

Allocated to yoga (n=16) ¢ Allocated to intervention (n= 15)
+ Received allocated intervention (n= 15) + Received allocated intervention (n= 13)
+ Did not receive allocated intervention + Did not receive allocated intervention
(attended O classes) (n=1) (attended 0 or 1 classes) (n=2)
Follow-Up
Lost to follow-up (n= 3) Lost to follow-up (n= 0)
+ Did not provide biological samples at post-
treatment or 3 month FU (n = 2)
+ Did not provide biological samples at 3
month FU (n=1)

¥ |r— Analysis

Analysed (n = 14 at post-treatment, n = 13 at 3 Analysed (n = 15)
month FU) + Excluded from analysis (n = 0)
+ Excluded from analysis (n = 2 at post-

treatment, n = 3 at 3 month FU)

Figure 1.
CONSORT flow diagram
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Figure 2.

(A) Bioinformatics analysis of transcription factor activity indicated reduced activity of NF-
kB, increased activity of the glucocorticoid receptor (GR), and reduced activity of CREB in
the yoga group vs. health education controls. In addition, analyses revealed reduced activity
of interferon-related transcription factors (ISRE). (B) Transcript origin analyses identified
genes down-regulated in intervention participants as originating primarily from monocytes
and NK cells.
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Mean Levels of Inflammatory Markers in Yoga and Health Education Groups

Baseline Post-intervention .

Inflammatory Markers Mean (SD) Mean (SD) p for group x time interaction
soluble TNF receptor type 11 (pg/ml) 0.03

lyengar Yoga 2261 (297) 2188 (255)

Health Education 2123 (390) 2506 (845)
IL-1 receptor antagonist (pg/ml) 0.16

lyengar Yoga 220.9 (95) 230.9 (96)

Health Education 279.4 (250) 349.9 (272)
IL-6 (pg/ml) 0.87

lyengar Yoga 1.03(0.54) 1.19(0.83)

Health Education 1.37(0.69) 1.64 (1.22)
CRP (mg/L) 0.70

lyengar Yoga 2.85(6.39) 2.22(3.92)

Health Education 1.52 (2.08) 2.38 (3.59)

Raw values for inflammatory markers are provided here for descriptive purposes; log transformed values were used in all analyses.

*
P values represent effects for group x time interactions controlling for age, BMI, breast cancer stage, cancer treatment, and time since treatment

completion.
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Table 2

Mean levels of Salivary Cortisol Measures in Yoga and Health Education Groups

Baseline Post-intervention 3 month follow-up
Salivary Cortisol Mean (SD)  Mean (SD) Mean (SD) p for group x time interaction
Diurnal slope 0.37
lyengar yoga -.117 (.053) -.102 (.082) -.124 (.047)
Health Education -.104 (.049) -.129 (.097) -.093 (.057)
Area under the curve 0.64
lyengar yoga 28.75(7.21) 32.08 (7.64) 29.85 (5.75)
Health education 2849 (4.22) 29.27 (5.85) 28.18 (5.66)
Cortisol levels at each assessment (nmol/l)
lyengar yoga
Waking 18.80 (6.97)  18.25 (9.60) 22.30 (12.60)
30-minutes post waking  25.38 (9.04)  27.56 (9.54) 24.33 (10.20)
8 hours post waking 6.21 (2.30) 8.84 (5.17) 6.90 (3.36)
Bedtime 343(1.82)  5.35(4.35) 3.45 (1.72)
Health education
Waking 14.28 (6.40)  16.64 (4.41) 13.71 (5.81)
30-minutes post waking  20.66 (9.71) 21.61 (7.89) 20.59 (8.84)
8 hours post waking 5.75 (1.71) 7.20 (3.24) 5.57 (2.21)
Bedtime 311(207)  4.22(3.97) 2.98 (1.24)

Page 18

P values represent effects for group x time interactions in analyses controlling for age, BMI, breast cancer stage, cancer treatment, and time since
treatment completion. Raw cortisol values at each assessment point are provided for descriptive purposes; log-transformed values were used for

computation of diurnal slope and AUC.
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