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Research on Mind-Body approaches to health maximization is accelerating. One of a number of characteristics of Mind-Body practice is the purposeful elicitation of the Relaxation Response (RR). The various forms of practices which elicit the RR include Tai Chi, Qi Gong, Yoga, meditation, repetitive prayer, breathing exercises, progressive muscle relaxation, biofeedback, guided visualization, affirmation, etc. These methods tend to trigger physiological and perhaps energetic mechanisms that move the body into a state of deep rest. 
It appears that intentful practice to activate the RR can literally change how genes behave in response to stress. Amazingly, the implications of this direction of scientific inquiry point to the fact that individuals can purposefully shift genetic functionality to neutralize the negative effects of inflammation, reverse programmed cell death and significantly reduce the negative effects of free radicals. In the traditions of both Qi Gong and Yoga it is theorized that the practices can assist in a kind of alchemical production of “the elixir” of longevity. Research with the effects of Mind-Body practice on health status suggests this “elixir” was m ore than just a legend.
Mind-Body practices that produce the RR have been used by people across cultures for thousands of years to prevent and treat disease and generate states of mind that foster greater performance and intuitive insight. Recently, a number of studies have turned toward investigation of the effect that Mind-Body practice can have on genetic expression. In research on natural healing, functional maximization and holistic, complementary and integrative medicine there has been a growing trend beyond simply studying disease mechanisms and outcomes associated with disease management, toward the study of the subtle factors that not only predispose individuals to disease, but also the study of factors that predispose individuals to sustainable wellbeing and disease prevention. Gene expression is an emerging arena wherein the total human functional continuum – from wellbeing to disease – can be effectively investigated.

The RR is characterized by reduction in oxygen intake, increase in exhalation of nitric oxide, and lower psychological distress. It has been proposed as the counterpoint to the "flight or fight" state (FF) – the stress response. FF and RR are like a Yin-Yang. Numerous studies have shown that both RR and the FF have distinct profiles of physiological and gene expression change.

Recently - July, 2008 - a breakthrough study was completed exploring the extent to which Mind-Body practices that trigger the RR can have an influence on gene expression: Genomic Counter-Stress Changes Induced by the Relaxation Response. Herbert Benson, who was the lead developer of the RR concept was among the researchers on this study. 

Earlier -- February 2005 - a similar study was completed which focused specifically on gene expression in Qigong: Genomic Profiling of Neutrophil Transcripts in Asian Qigong Practitioners: A Pilot Study in Gene Regulation by Mind–Body Interaction. 

A less widely known study on a Yoga/Pranayama method – East Indian Qigong – also explored the effects of an RR method on gene expression: Gene expression profiling in practitioners of Sudarshan Kriya.

The abstracts and links to PDFs of these studies are presented below. Genomic counter-stress changes induced by the relaxation response is included in full at the end of this article.
Due to the magnitude of the credibility of Dr Herbert Benson, his role as the “father” of the relaxation response (RR) and the refined design of the study, the Genomic counter-stress changes induced by the relaxation response article has gotten a significant amount of press. The highest number of participants , however, were involved in the Gene expression profiling in practitioners of Sudarshan Kriya article. The Benson study, n=57 (RCT, 19 long term, 20 short term & 19 control), Qigong study, n=12 (6 Qigong and 6 control), Pranayama study, n=84 (42 Pranayama and 42 control).

In a number of press releases the authors of Genomic counter-stress changes induced by the relaxation response made informative comments that are easily applicable to all three studies. They state that:

"This study provides the first compelling evidence that the RR [relaxation response] elicits specific gene expression changes in short-term and long- term practitioners."

Actually the other studies were earlier and they all suggest this.

The Genomic Counter-stress authors wrote that their findings suggest:

"Consistent and constitutive changes in gene expression resulting from RR may relate to long term physiological effects," and that "Our study may stimulate new investigations into applying transcriptional profiling for accurately measuring RR and stress related responses in multiple disease settings."

It is likely that these studies portend a “sea change” in research and will trigger an out pouring of similar randomized controlled trials.

Dr Herbert Benson, professor emeritus of Harvard University,  director emeritus of the Benson-Henry Institute and co-senior author of the study said, "Now we've found how changing the activity of the mind can alter the way basic genetic instructions are implemented.”
Dr Towia Libermann, director of the BIDMC Genomics Center and also co-senior author of the study added:

"This is the first comprehensive study of how the mind can affect gene expression, linking what has been looked on as a 'soft' science with the 'hard' science of genomics.” "It is also important because of its focus on gene expression in healthy individuals, rather than in disease states," explained Libermann.

The authors stated that their study showed that the relaxation response changed the expression of genes involved with inflammation, programmed cell death and the handling of free radicals. Free radicals are normal byproducts of metabolism that the body neutralizes in order to stop damage to cells and tissues.

Co-lead author of the study Dr Jeffery Dusek formerly of the Benson-Henry Institute and now with the Abbott Northwestern Hospital in Minneapolis said:

"Changes in the activation of these same genes have previously been seen in conditions such as post-traumatic stress disorder; but the relaxation-response-associated changes were the opposite of stress-associated changes and were much more pronounced in the long-term practitioners." 

Dr Benson reflected that people across different cultures have been using Mind-Body techniques for thousands of years. They found that it didn't particularly matter which techniques were used, whether it was Tai Chi, Qigong, meditation, Yoga, breathing, or repetitive praying, they all act through the same underlying mechanism. 

"Now, we need to see if similar changes occur in patients who use the relaxation response to help treat stress-related disorders, and those studies are underway now".

Probably the most compelling statement from the article on the findings of the study was, “It is becoming increasingly clear that psychosocial stress can manifest as system-wide perturbations of cellular processes, generally increasing oxidative stress and promoting a pro-inflammatory milieu. Stress associated changes in peripheral blood leukocyte expression of single genes have been identified. More recently, chronic psychosocial stress has been associated with accelerated aging at the cellular level. Specifically, shortened telomeres, low telomerase activity, decreased anti-oxidant capacity and increased oxidative stress are correlated with increased psychosocial stress and with increased vulnerability to a variety of disease states.”
These 3 studies strongly suggest that Mind-Body practices, especially those that trigger a sustained and accumulative RR effect – a counter stress effect – can prevent and ameliorate disease. This effect of Mind-Body practice on gene expression transforms the landscape of scientific exploration and launches an entirely new direction for the investigation for the emerging field of health maximization based integrative medicine.

Sea Change Studies -- The Abstracts

These three studies provide the rational foundation for a radical increase in the practical and widespread application of Mind-Body practice as a key wellness and health promotion modality for institutions in both business and social service. It has been known for millennia in the “original” cultures that practices like Qigong, Tai Chi, Meditation Yoga and prayer are powerful tools for healing and disease prevention. With this contemporary research Mind-Body practice takes a giant step for forward as a modality to support citizen empowerment, productivity enhancement and the elimination of the waste of financial resources in the treatment of diseases that are preventable.

Each of these studies strongly reccommend further investigation of Mind-Body practice of gene transcription. This suggests a “sea change”, a shift toward a health care system that is literally founded on caring for and maximizing health and function.

I. Genomic counter-stress changes induced by the relaxation response

Dusek JA, Otu HH, Wohlhueter AL, Bhasin M, Zerbini LF, Joseph MG, Benson H, Libermann TA.

PLoS ONE – Online Journal of Medicine 

2008 Jul 2;3(7):e2576

To Review the article in full:

http://www.plosone.org/article/info:doi/10.1371/journal.pone.0002576
and it is included at the end of this article.

Benson-Henry Institute for Mind Body Medicine at Massachusetts General Hospital, Chestnut Hill, Massachusetts, United States of America.

    
BACKGROUND: Mind-body practices that elicit the relaxation response (RR) have been used worldwide for millennia to prevent and treat disease. The RR is characterized by decreased oxygen consumption, increased exhaled nitric oxide, and reduced psychological distress. It is believed to be the counterpart of the stress response that exhibits a distinct pattern of physiology and transcriptional profile. We hypothesized that RR elicitation results in characteristic gene expression changes that can be used to measure physiological responses elicited by the RR in an unbiased fashion.


METHODS/PRINCIPAL FINDINGS: We assessed whole blood transcriptional profiles in 19 healthy, long-term practitioners of daily RR practice (group M), 19 healthy controls (group N(1)), and 20 N(1) individuals who completed 8 weeks of RR training (group N(2)). 2209 genes were differentially expressed in group M relative to group N(1) (p<0.05) and 1561 genes in group N(2) compared to group N(1) (p<0.05). Importantly, 433 (p<10(-10)) of 2209 and 1561 differentially expressed genes were shared among long-term (M) and short-term practitioners (N(2)). Gene ontology and gene set enrichment analyses revealed significant alterations in cellular metabolism, oxidative phosphorylation, generation of reactive oxygen species and response to oxidative stress in long-term and short-term practitioners of daily RR practice that may counteract cellular damage related to chronic psychological stress. A significant number of genes and pathways were confirmed in an independent validation set containing 5 N(1) controls, 5 N(2) short-term and 6 M long-term practitioners. 

CONCLUSIONS/SIGNIFICANCE: This study provides the first compelling evidence that the RR elicits specific gene expression changes in short-term and long-term practitioners. Our results suggest consistent and constitutive changes in gene expression resulting from RR may relate to long term physiological effects. Our study may stimulate new investigations into applying transcriptional profiling for accurately measuring RR and stress related responses in multiple disease settings.
II. Genomic profiling of neutrophil transcripts in Asian Qigong practitioners: a pilot study in gene regulation by mind-body interaction.

Li QZ, Li P, Garcia GE, Johnson RJ, Feng L.

Journal of Alternative and Complement Medicine 

2005 Feb;11(1):29-39

The full article can be reviewed at:

http://pkg.dajiyuan.com/pkg/2005-04-08/genomic%20profiling.pdf
Microarray Core, Center for Immunology, University of Texas Southwestern Medical Center, Dallas, TX, USA.

    
BACKGROUND AND OBJECTIVES: The great similarity of the genomes of humans and other species stimulated us to search for genes regulated by elements associated with human uniqueness, such as the mind-body interaction. DNA microarray technology offers the advantage of analyzing thousands of genes simultaneously, with the potential to determine healthy phenotypic changes in gene expression. The aim of this study was to determine the genomic profile and function of neutrophils in Falun Gong (FLG, an ancient Chinese Qigong) practitioners, with healthy subjects as controls. 


SUBJECTS AND DESIGN: Six (6) Asian FLG practitioners and 6 Asian normal healthy controls were recruited for our study. The practitioners have practiced FLG for at least 1 year (range, 1-5 years). The practice includes daily reading of FLG books and daily practice of exercises lasting 1-2 hours. Selected normal healthy controls did not perform Qigong, yoga, t'ai chi, or any other type of mind-body practice, and had not followed any conventional physical exercise program for at least 1 year. Neutrophils were isolated from fresh blood and assayed for gene expression, using microarrays and RNase protection assay (RPA), as well as for function (phagocytosis) and survival (apoptosis). 


RESULTS: The changes in gene expression of FLG practitioners in contrast to normal healthy controls were characterized by enhanced immunity, downregulation of cellular metabolism, and alteration of apoptotic genes in favor of a rapid resolution of inflammation. The lifespan of normal neutrophils was prolonged, while the inflammatory neutrophils displayed accelerated cell death in FLG practitioners as determined by enzyme-linked immunosorbent assay. Correlating with enhanced immunity reflected by microarray data, neutrophil phagocytosis was significantly increased in Qigong practitioners. Some of the altered genes observed by microarray were confirmed by RPA. 


CONCLUSION: Qigong practice may regulate immunity, metabolic rate, and cell death, possibly at the transcriptional level. Our pilot study provides the first evidence that Qigong practice may exert transcriptional regulation at a genomic level. New approaches are needed to study how genes are regulated by elements associated with human uniqueness, such as consciousness, cognition, and spirituality.

III. Gene expression profiling in practitioners of Sudarshan Kriya
Sharma H, Datta P, Singh A, Sen S, Bhardwaj NK, Kochupillai V, Singh N.

Journal of Psychosomatic Research 

2008 Feb;64(2):213-8

To review a more comprehensive version of the article:

www.jbtdrc.org/National%20Symposium%20-%202006/Proc%20pages/CMB/CMB1.pdf
Department of Biochemistry, All India Institute of Medical Sciences, Ansari Nagar, New Delhi, India.


BACKGROUND: The rapid pace of life, eating habits, and environmental pollution have increased stress levels and its related disorders. The complex molecular response to stress is mediated by stress genes and a variety of regulatory pathways. Oxidative stress is internal damage caused by reactive oxygen species. Increasing evidence suggests that chronic psychosocial stress may increase oxidative stress, which in turn may contribute to aging, and etiology of coronary diseases, cancer, arthritis, etc. Psychophysiological concomitants of meditation have been extensively researched, but there are very little data available on biochemical activity leading to relieving stress by causing a relaxation response by Sudarshan Kriya (SK). SK is a breathing technique that involves breathing in three different rhythms. It is preceded by Ujjayi Pranayam (long and deep breaths with constriction at the base of throat) and Bhastrika (fast and forceful breaths through nose along with arm movements). 


METHODS: Forty-two SK practitioners and 42 normal healthy controls were recruited for our study. The practitioners had practiced SK for at least 1 year. Selected normal healthy controls did not perform any conventional physical exercise or any formal stress management technique. Whole blood was used for glutathione peroxidase estimation and red blood cell lysate was used for superoxide dismutase activity assay and for glutathione estimation. White blood cells were isolated from fresh blood and assayed for gene expression using reverse transcriptase-polymerase chain reaction. The parameters studied are antioxidant enzymes, genes involved in oxidative stress, DNA damage, cell cycle control, aging, and apoptosis. 


RESULTS: A better antioxidant status both at the enzyme activity and RNA level was seen in SK practitioners. This was accompanied by better stress regulation and better immune status due to prolonged life span of lymphocytes by up-regulation of antiapoptotic genes and prosurvival genes in these subjects. 


CONCLUSIONS: Our pilot study provides the first evidence suggesting that SK practice may exert effects on immunity, aging, cell death, and stress regulation through transcriptional regulation.
The methods of the Genomic counter-stress changes induced by the relaxation response study are also somewhat exemplary and shed some light on how such research is done. The researchers recruited three groups of people. In the first group (called the M group) there were 19 long term practitioners who had been practicing various ways of producing the relaxation response every day for a long time (for instance with daily yoga, repeated prayer, Tai Chi or meditation practice). 

In the second group were another 19 people who they called the "healthy controls" (group N1), who were not daily practitioners, and the third group was like the healthy controls group, except these 20 people completed 8 weeks of relaxation response training (this group was N2).

The researchers assessed transcriptional profiles of the people in all three groups from blood samples.

They found the expressions of a total of 2,209 genes were significantly different between groups M and N1, and a total of 1,561 genes were similarly significantly different between groups N2 and N1.

More importantly, however, was the fact 433 of the genes were common to both sets of comparisons: the same ones were different between M and N1 and between M and N2, so even short term practice of the relaxation response appeared to produce changes in these 433 gene expressions.

Further analysis using techniques called gene ontology and gene set enrichment, showed that groups M and N1 (the long term and the short term practitioners of the relaxation response) exhibited similar physiological changes such as in "cell metabolism, oxidative phosphorylation, generation of reactive oxygen species and response to oxidative stress".

A second phase of the study involving 5 N1 healthy controls, 5 N2 short term practitioners, and 6 M long term practitioners, was done to validate a significant number of genes and pathways. 

This is clearly a very well designed and extremely thorough study. 

The findings of these three studies point the way to investigating gene expression profiles in well, at risk and diseased populations to demonstrate the benefits of Mind-Body practices which elicit the RR to both prevent and cure disease. Given the cost of learning and practicing Mind-Body practice is very low, it is clear that wide spread utilization of these practices in school, at work and at home can potentiate a nationwide and culturewide response to eliminate the health cost crisis.

Below is the full text of he Benson, Dusek, Libermann article in full ,with an excellent references section:

Genomic Counter-Stress Changes Induced by the Relaxation Response

Jeffery A. Dusek1,2,3,6

HYPERLINK "http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0002576#equal-contrib"
#, Hasan H. Otu3,4

HYPERLINK "http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0002576#equal-contrib"
#, Ann L. Wohlhueter1, Manoj Bhasin3,4, Luiz F. Zerbini3,4, Marie G. Joseph4, Herbert Benson1,3,5

HYPERLINK "http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0002576#cor1"
*, Towia A. Libermann3,4

HYPERLINK "http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0002576#cor1"
*
1 Benson-Henry Institute for Mind Body Medicine at Massachusetts General Hospital, Chestnut Hill, Massachusetts, United States of America2 Department of Psychiatry, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts, United States of America3 Department of Medicine, Division of Interdisciplinary Medicine and Biotechnology, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, Massachusetts, United States of America4 BIDMC Genomics Center, Beth Israel Deaconess Medical Center, Boston, Massachusetts, United States of America5 Department of Medicine, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts, United States of America6 Institute for Health and Healing, Abbott Northwestern Hospital, Minneapolis, Minnesota, United States of America

Abstract

Background

Mind-body practices that elicit the relaxation response (RR) have been used worldwide for millennia to prevent and treat disease. The RR is characterized by decreased oxygen consumption, increased exhaled nitric oxide, and reduced psychological distress. It is believed to be the counterpart of the stress response that exhibits a distinct pattern of physiology and transcriptional profile. We hypothesized that RR elicitation results in characteristic gene expression changes that can be used to measure physiological responses elicited by the RR in an unbiased fashion.

Methods/Principal Findings

We assessed whole blood transcriptional profiles in 19 healthy, long-term practitioners of daily RR practice (group M), 19 healthy controls (group N1), and 20 N1 individuals who completed 8 weeks of RR training (group N2). 2209 genes were differentially expressed in group M relative to group N1 (p<0.05) and 1561 genes in group N2 compared to group N1 (p<0.05). Importantly, 433 (p<10−10) of 2209 and 1561 differentially expressed genes were shared among long-term (M) and short-term practitioners (N2). Gene ontology and gene set enrichment analyses revealed significant alterations in cellular metabolism, oxidative phosphorylation, generation of reactive oxygen species and response to oxidative stress in long-term and short-term practitioners of daily RR practice that may counteract cellular damage related to chronic psychological stress. A significant number of genes and pathways were confirmed in an independent validation set containing 5 N1 controls, 5 N2 short-term and 6 M long-term practitioners.

Conclusions/Significance

This study provides the first compelling evidence that the RR elicits specific gene expression changes in short-term and long-term practitioners. Our results suggest consistent and constitutive changes in gene expression resulting from RR may relate to long term physiological effects. Our study may stimulate new investigations into applying transcriptional profiling for accurately measuring RR and stress related responses in multiple disease settings.
Introduction

The relaxation response (RR) has been defined as a mind-body intervention that offsets the physiological effects caused by stress [1], [2]. The RR has been reported to be useful therapeutically (often as an adjunct to medical treatment) in numerous conditions that are caused or exacerbated by stress [3]–[6].

Mind-body approaches that elicit the RR include: various forms of meditation, repetitive prayer, yoga, tai chi, breathing exercises, progressive muscle relaxation, biofeedback, guided imagery and Qi Gong [7]. One way that the RR can be elicited is when individuals repeat a word, sound, phrase, prayer or focus on their breathing with a disregard of intrusive everyday thoughts [2]. The non-pharmacological benefit of the RR on stress reduction and other physiological as well as pathological parameters has attracted significant interest in recent years to decipher the physiological effects of the RR. In addition to decreased oxygen consumption [8]–[10], other consistent physiologic changes observed in long-term practitioners of RR techniques include decreased carbon dioxide elimination, reduced blood pressure, heart and respiration rate [1], [2], [11], prominent low frequency heart rate oscillations [12] and alterations in cortical and subcortical brain regions [13], [14].

Despite these observations and the well-established clinical effects of RR-eliciting practices [15], [16], the mechanisms underlying the RR have not been identified. Similarly, the impact of the RR on gene expression and signaling pathways has not yet been explored in detail, although a transcriptional profiling study of Qi Gong [17] practitioners, another RR method, revealed apparent distinct gene expression differences between Qi Gong practitioners and age matched controls. It is likely that differences in gene expression may be an underlying factor in the physiologic and psychologic changes noted above. Toward that end, we conducted a study to explore the gene expression profile of healthy long-term practitioners versus healthy age and gender matched controls. As a further evaluation, we provided 8-weeks of RR training to the control subjects and re-assessed their gene expression.

Results

Patient characteristics

This study includes both cross sectional and an 8-week prospective design. Healthy adults were enrolled, comprising 2 groups: individuals with a long-term RR practice (group M; n = 19) or those with no prior RR experience (novice; group N1; n = 19). Group N1 novices, furthermore, underwent 8-weeks of RR training (Group N2; n = 20) for the prospective analysis. In the cross sectional study, we compare gene expression profiles (GEP) in whole blood between groups M and N1, whereas in the prospective study GEP is compared for each individual novice subject before and after RR experience, matched individuals of groups N1 versus N2 respectively.

Gene expression changes associated with the RR

Transcriptional differences between the different groups and within individuals before and after the RR are assessed by microarray analysis using Affymetrix HG-U133 Plus 2.0 genechips (www.affymetrix.com). This technology is a well established and reliable method to assess global gene expression differences [18]. Comparing group M (subjects with long term RR practice) to group N1 (subjects prior to RR training), we find statistically significant differential expression of 2209 genes; 1275 significantly up-regulated and 934 significantly down-regulated in M vs. N1. Additionally, 1561 genes are differentially expressed in novices after RR experience, N2 vs. N1; 874 significantly up-regulated and 687 significantly down-regulated. Comparison of gene lists from M vs. N1, N2 vs. N1 and M vs. N2 with Venn diagrams reveals significant overlap (Fig. 1a). Significance of overlaps is calculated using hypergeometric distributional assumption [19] and p-values are adjusted using Bonferroni correction for multiple comparisons [20]. Heatmaps were generated from genes in the intersecting areas of the Venn diagrams (Fig. 1b). We find 316 up-regulated and 279 down-regulated genes are differentially expressed in group M compared to both group N1 and N2; these changes in GEP are only observed in long-term RR practitioners. Similarly, 260 genes are up-regulated and 168 genes are down-regulated in both groups M and N2 compared to N1; they represent GEP changes characteristic of RR practice over at least 8 weeks.


Figure 1. 
Gene Ontology Analysis.
Analysis of differentially expressed genes: a) Venn diagrams: * indicates significant overlaps (p<106); b) Heatmaps of the 595 differentially regulated genes in both M vs. N1 and M vs. N2 (left) and the 418 differentially regulated genes in both M vs. N1 and N2 vs. N1; c) Heatmap of 15 genes in the intersection of all three groups (gene symbols listed on the right). In heatmaps, rows represent genes and columns represent samples from N1, N2, and M groups. Genes are clustered using row-normalized signals and mapped to the [−1,1] interval (shown in scales beneath each heatmap). Red and green represent high and low expression values, respectively.

doi:10.1371/journal.pone.0002576.g001

Heatmaps generated using these genes exhibit consistent GEP changes across the three groups with a few samples in each group resembling the GEP of another group. To determine if any demographic characteristics (e.g. age, ethnicity , etc.) influences this observation, we clustered each group separately using the same set of genes. For each cluster analysis, we calculated the significance of observing a characteristic among the samples in the subgroups formed. We found that number of times M subjects reported eliciting the RR per week was significantly associated with the subgroups formed when M samples were clustered using genes differentially expressed in long term RR practitioners only. Specifically, there were 316 up-regulated and 279 down-regulated genes differentially expressed in group M compared to both group N1 and N2; (Fig. 1b). All remaining cluster analyses revealed no such significant influence of demographic characteristics (see online supplementary data).

Finally, the intersection of all 3 areas (M vs. N1, N2 vs. N1 and M vs. N2) identifies genes with expression behavior that is monotonically changed between N1 to N2 to M (Fig. 1c). These results clearly demonstrate that short term as well as long term RR practice lead to distinct and consistent gene expression changes in hematopoietic cells.

Signaling pathways modulated by the RR

We performed Expression Analysis Systematic Explorer (EASE) analysis [21] using M vs. N1, and N2 vs. N1 data-sets, to identify Gene Ontology (GO) categories where specific genes in these data occur more often than would be expected by random distribution of genes. These findings (and those of the validation data-set below) are summarized in Table 1, where select over-represented GO categories are listed along with specific genes differentially expressed in our data-sets. These categories include oxidative phosphorylation, ubiquitin-dependent protein catabolism, nuclear messenger RNA (mRNA) splicing, ribosomes, metabolic processes, regulation of apoptosis, NF-κB pathways, cysteine-type endo-peptidase activity and antigen processing. Most are significant in both long-term (M vs. N1) and short-term (N2 vs. N1) practitioners of daily RR practice (see Table).


Table 1. 
Gene Ontology Categories
doi:10.1371/journal.pone.0002576.t001

Even though our analyses of differentially expressed genes and GO categories associated with RR practice meet widely accepted criteria for statistical significance, we were concerned about the relatively small fold changes that were observed (see Supplementary Methods). To address this issue we employed Gene Set Enrichment Analysis (GSEA). GSEA has proven to be useful for capturing subtle expression changes in complex gene signatures based on predefined gene sets or pathways [22]. As described above, we examined expression data for 2 comparisons, M vs. N1 and N2 vs. N1. The selected pathways or gene sets that are significantly enriched (False Discovery Rate (FDR)<50%, nominal p-value (NPV)< = 0.02) are shown in Figure 2, with gene sets for N2 vs. N1 and M vs. N1 in Fig 2A and Fig 2B respectively.


Figure 2. 
GSEA Analysis.
The analysis has been performed for >1200 predefined datasets using GSEA 2.0 software. Signal values for each gene are obtained by collapsing the probe values using max_probe algorithm. Representative datasets, significantly enriched (FDR<50%, or NPV< = 0.01) between any two groups and corresponding heatmaps (depicting relative gene expression changes of core enrichment) are shown in a) N2 vs. N1 and b) M vs. N1. Datasets that are enriched in both the original and validation analyses are marked with *. c) Heatmaps of ribosomal proteins and ubiquitin mediated proteolysis illustrate transitional trends in gene expression across the N1, N2 and M groups.

doi:10.1371/journal.pone.0002576.g002

GSEA analysis of N2 vs. N1 showed highly significant enrichment in gene sets related to various cellular stressors/stress responses and metabolism. To a pronounced degree these observations complement the results of GO analysis presented in the Table, also depicting significant alterations in cellular response to stress, oxidative and primary metabolism. The transition effect of the RR from novice to short term (8 weeks) to long term RR practitioners has been denoted through a colorgram of ribosomal proteins and ubiquitin mediated proteolysis gene sets (Fig. 2C). Whereas expression of ribosomal genes is significantly upregulated in RR practitioners at 8 weeks and more pronounced in long term practitioners, ubiquitin mediated proteolysis gene expression in general shows an opposite trend. Closer inspection of the colorgrams for ribosomal proteins and Ub proteolysis gene sets shows some variation in the GEP in each subgroup (N1, N2 M). The GEP of a few N1 or N2 subjects resembles the GEP of M subjects and vice versa. To elucidate the association between GEP and subject characteristics (Race, Age, etc), we performed clustering of each subgroup separately (N1, M) using the enriched gene sets (Ribosomal and Ub Proteolysis). This analysis identified a subcluster in the N2 subgroup that has significant over-representation of Asian subjects (P value <0.05) when the clustering was performed using the ribosomal protein gene set. This observation needs further validation on a larger dataset as the current study contains only five Asian subjects. No other characteristic exhibited significant association with the ribosomal protein gene set. No significant association between the GEP profiles and subject characteristic was found when clustering was performed using the Ub proteolysis gene set. This analysis provides further insight into the stress response related genes that are influenced by RR practice.

Independent validation set analysis

As a validation of our results, we repeated the experimental and analysis procedures defined in the “Methods” section on a new set of samples consisting of 5 N1, 5 N2 and 6 M subjects. We found 1846 and 2390 probe sets differentially expressed between M vs. N1, and N2 vs. N1 groups. The validation data-set showed a significant (p<10−5) number of genes in common with the original analysis of 58 samples. We also found that 70–75% of all GO categories from the original analysis were retained in the validation set (p ~0), and 30–65% of significantly over-represented GO categories were shared. Of note, biologically relevant GO categories such as oxidative phosphorylation, regulation of apoptosis, and antigen presentation, come up as significantly over-represented in both the original and validation analyses. Results of the validation set and comparison analyses can be found in the online supplementary data. In addition, validation GSEA analysis on N2 vs. N1 subjects shows enrichment of ribosomal proteins and platelet expressed gene sets and enrichment of ribosomal proteins, oxidative phosphorylation and electron transport chain gene sets in M vs. N1 subjects (Fig. 2A and 2B). The similarities between the original and validation results from GSEA analysis argues against random chance accounting for the observed enrichment of these gene sets.

Discussion

Results from our study indicate that there are distinct differences in the GEPs between individuals with many years of RR practice (group M) and those without such experience (group N1). Furthermore we find significant GEP changes within the same individuals before (N1) and after 8 weeks of RR training (N2). Finally, the changes in GEP found in M vs. N1, and those of N2 vs. N1, are to a great degree similar when assessed by analysis of differentially expressed genes, GO analysis and GSEA.

It is becoming increasingly clear that psychosocial stress can manifest as system-wide perturbations of cellular processes, generally increasing oxidative stress and promoting a pro-inflammatory milieu [23]–[25]. Stress associated changes in peripheral blood leukocyte expression of single genes have been identified [26]–[28]. More recently, chronic psychosocial stress has been associated with accelerated aging at the cellular level. Specifically, shortened telomeres, low telomerase activity, decreased anti-oxidant capacity and increased oxidative stress are correlated with increased psychosocial stress [29] and with increased vulnerability to a variety of disease states [30]. Stress-related changes in GEP have been demonstrated by microarray analysis in healthy subjects, including up-regulation of several cytokines/chemokines and their receptors [31], and in individuals suffering from post-traumatic stress disorder, including inflammation, apoptosis and stress response [32] as well as metabolism and RNA processing pathways [33]. The pro-inflammatory transcription factor NF-kappa B (NF-κB) which is activated by psychosocial stress has been identified as a potential link between stress and oxidative cellular activation [34].

The RR is clinically effective for ameliorating symptoms in a variety of stress-related disorders including cardiovascular, autoimmune and other inflammatory conditions and pain [15]. We hypothesize that RR elicitation is associated with systemic gene expression changes in molecular and biochemical pathways involved in cellular metabolism, oxidative phosphorylation/generation of reactive oxygen species and response to oxidative stress and that these changes to some degree serve to ameliorate the negative impact of stress. Genome-wide evaluation of PBL GEP is a reasonable approach to survey the transcriptional changes that are involved in elicitation of the RR. The GEP of RR practitioners presented here reveals altered gene expression in specific functional groups which suggest a greater capacity to respond to oxidative stress and the associated cellular damage. Genes including COX7B, UQCRB and CASP2 change in opposite direction from that in the stress response [31], [32].

Our findings are relatively consistent with those found in a study of Qi Gong [17], a practice that elicits the RR. In their study of 6 Qi Gong practitioners and 6 aged matched controls, practitioners had down-regulation of ubiquitin, proteasome, ribosomal protein and stress response genes and mixed up- and down-regulation of genes involved in apoptosis and immune function. We find a similar pattern of GO categories that are significantly over-represented in GO or enriched in GSEA in our cross sectional comparison, M vs. N1. However, in our data-set ribosomal proteins were up-regulated.

Overall, similar genomic pattern changes occurred in practitioners of a specific mind body technique (Qi Gong) as well as in our long-term practitioners who utilized different RR practices including Vipassna, mantra, mindfulness or transcendental meditation, breath focus, Kripalu or Kundalini Yoga, and repetitive prayer. This indicates there is a common RR state regardless of the techniques used to elicit it.

Our study is the first to prospectively evaluate GEP changes in individuals before and after a short-term (8 week) RR training which consequently enables an appreciation of the parallel GEP changes that occur with short- and/or long-term RR practice. Replications in larger cohorts are warranted. Future investigations could better define the therapeutic value and required duration of RR training to counter stress-related disorders.

Materials and Methods

Participants

Nineteen healthy practitioners of various RR eliciting techniques (including several types of meditation, Yoga, and repetitive prayer) participated (M group; n = 19). Years of practice averaged 9.4 years (5.0 sd) and ranged from 4 to 20 years. Twenty individuals without any prior RR eliciting experience served as controls (N group; n = 20).. As shown in Table 2, the M and N groups are matched with respect to age, gender, race, height, weight, and marital status, which do not exhibit significant difference between the groups (p>0.05, t- and chi-square test).


Table 2. 
Demographics
doi:10.1371/journal.pone.0002576.t002

Protocol

The study protocol was approved by the Committee on Clinical Investigations at the Beth Israel Deaconess Medical Center (BIDMC), Boston MA. All subjects provided written informed consent and the study was conducted in the General Clinical Research Center (GCRC) of the BIDMC. After providing written informed consent, participants were screened by a physician and had blood drawn to ensure good health. All participants completed a testing session in the GCRC. N1 (novice) subjects had 8-weeks of RR training, listened to a 20-minute RR-eliciting CD daily and returned to the GCRC for a repeat testing session (hereafter classified as the N2 group).

Relaxation-Response Training

N subjects received 8 weeks of RR training. Training included information about reducing daily stress, and a 20-minute elicitation of the RR [35]. Subjects randomized to the RR group received 8 weekly individual RR-training sessions from an experienced clinician as per our manualized research protocol [35]. The first session provided an educational overview of the stress response and the RR, instructions on how to elicit the RR, and a 20-minute guided RR experience. Sessions 2 through 8 consisted of a review of the subject's home practice card for compliance and a 20-minute guided RR experience.

During the RR elicitation in the weekly session, the subject was guided through a RR sequence including: diaphragmatic breathing, body scan, as well as mantra and mindfulness meditation, while subjects passively ignored intrusive thoughts. The specific CD guided the subject through the same sequence and has our clinical research studies and clinical practice for more than 15 years [35]. Subjects were asked to listen to the RR-eliciting CD once a day for 20 minutes at home.

To measure compliance, participants' daily home practice logs were reviewed each week and at the end of the 8 week training. These logs indicate that N subjects listened for an average of 17.5 minutes per day (3.7 sd) over 8-weeks.

Microarray Analysis

Following previously described protocols, the transcriptional profile of samples were probed using Affymetrix HG-U 133 Plus 2.0 chips representing over 47,000 transcripts and variants using more than 54,000 probesets. Scanned image output files were visually examined for major chip defects and hybridization artifacts and then analyzed with Affymetrix GeneChip Microarray Analysis Suite 5.0 (MAS5) software (Affymetrix). The image from each chip was scaled such that the 2% trimmed mean intensity value for all arrays was adjusted to target intensity and reported as a non-negative quantity. Chips used for subsequent analysis consisted of 19 M, 19 N1 and 20 N2 samples (one chip from the N1 group had insufficient signal values). A hierarchical clustering technique was used to construct an Unweighted Pair Group Method with Arithmetic-mean (UPGMA) tree using Pearson's correlation as the metric of similarity [36]. The expression data matrix was row-normalized for each gene prior to the application of average linkage clustering. When comparing 2 groups of samples to identify genes enriched in a given group, we used combination of three criteria. We considered genes with significantly different expression across the two groups using t-test (p<0.05) that further remained significant at a 5% false discovery rate (FDR) using permutation testing with 1,000 permutations [37], [38]. In order to finalize a set of genes significantly up-regulated in a given group compared to another group, among the genes that passed the aforementioned steps, we filtered the ones that are “present” in at least half of the samples in the enriched group using Affymetrix' MAS5 Presence/Absence (P/A) calls. We used a paired t-test when comparing samples in groups N1 and N2.

Data deposition: All data sets have been deposited in the Gene Expression Omnibus, www.ncbi.nlm.nih.gov/geo (accession nos. GSE10041 and GSM253663-253734).

Gene Ontology and Gene Set Enrichment Analyses

Differentially expressed genes between the 3 groups (N2 vs. N1, M vs. N1 and M vs. N2) were separately analyzed using EASE to identify biologically relevant categories that are over-represented in the input set [21]. EASE analyses tested each list against all genes on the chip and overrepresentation describes a group of genes belonging to a certain GO category that appear more often in the given input list than expected to occur if the distribution were random. GO categories that had EASE scores of 0.05 or lower were selected as significantly over-represented. Gene Set Enrichment Analysis (GSEA 2.0 package http://www.broad.mit.edu/gsea/) was used to determine whether an a priori defined set of genes showed statistically significant, concordant differences between 2 groups (N2 vs. N1, and M vs. N1) in the context of known biological pathways. We tested expression values of all the genes in the relevant sample groups against 1687 gene sets obtained from the MSigDB2.0 for enrichment belonging to various metabolic pathways, chromosomal locations and functional sets (gene sets related to cancer/cancer cells are not included). The enriched gene sets have nominal p-value (NPV) less than 1% and False Discovery Rate (FDR) <50% after 100 random permutations. These criteria ensure that there is minimal chance of identifying false positives.
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