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  Stress affects cellular aging and inflammatory and chromosomal processes, including telomere length, there-
by potentially compromising health and facilitating disease onset and progression. Stress-related diseases and 
strategies to manage stress usually require integrative or behavioral therapeutic approaches that also operate 
on cellular levels. Mind-body medicine (MBM) uses the interaction between the mind, body, behavior, and the 
environment to correct physical and psychological malfunctions, thus ameliorating disease states and improv-
ing health. The relaxation response (RR) is a physiological opponent of stress and the stress response (SR) (i.e., 
fight-or-flight response), also invoking molecular anti-stress processes. Techniques that elicit the RR are at the 
core of practically all MBM interventions. We surmise that these techniques can also affect chromosomal and 
telomere processes, molecular aging, and the modulation of inflammatory states on cellular levels.
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Background

Stress has gained remarkable significance in modern times. 
Various causes may account for this. It has been reported that 
the acceleration of human activities, challenges, productivities, 
and behaviors, accompanied by increasing levels of noise, pol-
lution, and “daily stressors”, such as employment, are related 
to over-population or the actual financial pressures on micro- 
and macro-levels [1–3]. Its existence addresses the presence of 
homeostatic perturbations in all living organisms (e.g., physio-
logical) and transcends into the cognitive realm, thus gaining 
in significance with humans [4]. Therefore, we see a surge of 
stress-related complaints and diseases, many of them leading 
to medical interventions and, quite often, to expensive treat-
ments and disabilities [3].

Chronic Stress, Cell Aging, and Chromosomal 
Markers

The effects that chronic stress – and a high dose of suppos-
edly threatening, stressful situations – can have on the entire 
body, as they literally make us “look old”, can be seen on a 
molecular genetic level, among others, in our chromosomes. 
One marker and potential factor that seems to provide evi-
dence of individual vulnerability (and “molecular resilience” 
consisting of cellular resistance and regeneration capacity) is 
the length of chromosomal telomeres and activity of the cel-
lular telomerase [5].

Human chromosomes have at their ends a structural complex 
called telomeres, which protects the chromosome strands from 
degradation by defects in the replication and repair process-
es [6–8]. Hence, these telomeres, consisting of repetitive de-
oxyribonucleic acid (DNA) sequences, are physiologically sub-
ject to shortening by the discontinuous replication at each cell 
division. The enzyme telomerase contributes significantly to 
maintenance of the protective effect of the telomeres by their 
extension. The level of telomerase enzyme activity is limited in 
many cells and it is believed that the gradual loss of telomer-
ic DNA leads to accelerated cell aging and, ultimately, causes 
cell death [6]. At the same time, excessive enzyme activity can 
increase the risk of certain neoplastic diseases [7], as cellular 
life cycles, including those of cancer cells, may be prolonged.

The ability of the telomeres to protect the chromosomes criti-
cally depends on the binding of sufficient quantities of function-
al shelterin, a 6-unit protein complex with specific and crucial 
roles in telomere maintenance and function. Insufficient telo-
mere length, leading to insufficient concentration of shelter-
in at chromosome ends, or otherwise crippled shelterin func-
tion, causes telomere deprotection [9]. While contributing to 
aging-related pathologies, loss of telomere protection can act 

as a barrier to tumorigenesis, as dysfunctional telomeres acti-
vate DNA-damage-like checkpoint responses that halt cell pro-
liferation or trigger cell death. In addition, dysfunctional telo-
meres affect cancer development and progression by being a 
source of genomic instability [9].

As stated above, it has been hypothesized that stress affects 
health by modulating the rate of cellular aging. In fact, evi-
dence has been provided that psychological stress (PS) – both 
perceived stress and chronicity of stress – is significantly as-
sociated with higher oxidative stress, lower telomerase activ-
ity, and shorter telomere length, which are known modulators 
of cell senescence and cellular life span [5]. PS can contribute 
to numerous diseases and, as noted before, may do so in part 
through damage to the protective non-coding segments on the 
ends of chromosomes (i.e., the telomeres). Accordingly, in a 
systematic review, increased PS was associated with a small 
decrease in telomere length, adjusting for age, and this rela-
tionship was similar between sexes and within studies using 
validated measures of PS, and marginally stronger among sam-
ples recruited for stress exposure [10].

Clearly, at the cellular level, stress can promote earlier on-
set of age-related diseases [11]. Hence, with aging, increas-
ing telomere shortening is observed in humans, even though 
interindividual differences in length also exist regardless of 
age [6,7,12]. In addition to the individual genetic predispo-
sition, telomere length is directly influenced by exo- and en-
dogenous noxae, oxidative stress, chronic stress, and person-
al health behaviors [13]. For example, oxidative DNA damages 
are usually repaired by base excision repair and nucleotide ex-
cision repair, thereby ensuring telomeric and genomic stabil-
ity [13]. However, this process can be challenged by cellular 
stress and proinflammation. Accordingly, depression, as an ex-
ample, which also relates to proinflammatory processes with-
in the nervous system (e.g., in the brain) [14,15], can presum-
ably lead to a shortening of telomeres [16].

Using yeast as a model organism, it has been shown that 
stressors and noxae can have very different outcomes: al-
cohol and acetic acid elongate telomeres, whereas caffeine 
and high temperatures shorten telomeres [17]. In addition, 
acute exposure to severe hypoxia in rats has been demon-
strated to cause damage to heart and lung tissues due to the 
production of reactive oxygen species (i.e., oxidative stress), 
but at the same time, and perhaps counterintuitively, to pro-
mote telomere length and adaptive responses by upregulating 
mRNA and protein levels of telomerase reverse transcriptase 
(TERT) [18]. By combining genome-wide expression measure-
ments with a systematic genetic screen, the Rap1/Rif1 path-
way has been identified as a central mediator of the telomeric 
response to environmental signals [17]. These results demon-
strate that telomere length can be meaningfully manipulated, 
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and that a carefully regulated homeostasis may become mark-
edly deregulated in opposing directions in response to differ-
ent environmental cues.

Taken together, the above observations suggest that part of 
the negative impact of chronic stress on our health (e.g., at 
cellular levels) is caused by an acceleration of cell aging and 
earlier onset of age-associated diseases, since increased levels 
of oxidative/cellular stress, decreased telomerase activity, and 
thus telomere shortening, could all be associated with stress, 
including perceived stress and chronic stress.

Mind-Body Practice and Health Behaviors

Substantial evidence exists demonstrating that behavioral cues, 
such as exercise, and other mind-body medical procedures can 
have a protective effect on telomere length [13,19–21]. The re-
search group led by Nobel laureate Elizabeth Blackburn, who 
has been awarded the prize for her research on telomeres, 
has examined, among other things, how healthy behaviors in 
healthy people (e.g., healthy eating, exercise, and sleep quali-
ty, as well as mindfulness meditation) have a direct impact on 
telomere length. The length of the telomeres also appears to 
be variable over a short period of time. For example, over an 
observation period of 1 year, studies revealed that drastic or 
traumatic life events as well as challenging life situations can 
lead to a direct shortening of telomeres. Remarkably, howev-
er, this phenomenon was negligible in individuals with pro-
nounced health-promoting behaviors and markedly reduced in 
those who maintained moderate health behaviors [8].

Ornish et al. also provided evidence that during a 3-month 
lifestyle intervention involving diet, exercise, and stress man-
agement, patients with low-rate prostate cancer had increased 
telomerase activity and telomere lengthening compared to a 
control group. This was interpreted as a positive effect of the 
mind-body practices applied. The relative lengthening of telo-
meres was also described in the follow-up after 5 years [22]. 
In patients with coronary heart disease (CHD), it was shown 
that patients with telomere prolongation over the 5-year fol-
low-up period tended to have decreased mortality indepen-
dent of other cardiovascular risk factors [23].

Results from telomere biology suggest that psychophysiologi-
cal stress processing may have a direct effect on cell aging and, 
moreover, on the individual disease risk. The “good news”, ac-
cording to the Blackburn group: With the practice of various 
mind-body medical techniques, a reduction of cognitive-men-
tal (or emotional) stress or “stress arousal” can be achieved, 
together with more positive mood states [12]. Accordingly, 
the modulation of catecholamine and cortisol hormone levels 
has been demonstrated in mind-body practice, and both are 

associated with a salutary effect on telomeres [12]. However, 
the specific pathways incorporated, as well as cause-effect 
associations and effect estimates, in this regard, are large-
ly unknown.

Relaxation Physiology, Stress, and 
Proinflammation

At the center of many mind-body techniques and interven-
tions are relaxation techniques and relaxation response (RR) 
procedures. The RR has been described by Herbert Benson 
as a set of integrated physiological mechanisms and adjust-
ments that are elicited when a subject engages in a repetitive 
mental or physical activity and passively ignores distracting 
thoughts [24]. These behaviors are associated with instantly 
occurring physiological changes that include decreased oxy-
gen consumption or carbon dioxide elimination (i.e., reduced 
metabolism) and lowered heart rate, arterial blood pressure, 
and respiratory rate. Benson identified it as the physiologi-
cal counterpart of the stress or fight-or-flight response [24].

At the molecular genetic level, the RR involves changes and 
modulations that are opposed to stress-induced gene ex-
pression (genetic “stress pattern”). With modern techniques, 
Benson’s original postulate (i.e., the assumption of a relax-
ation-stress-antagonism [11]) can now be confirmed experi-
mentally. In addition, the field of social genetics shows that 
our everyday living conditions influence which genetic infor-
mation (i.e., which of the different genes) are “read” (tran-
scribed) and appear and act through the synthesis of proteins 
in the body. Social living conditions, such as low socioeco-
nomic status, social isolation, and social insecurity or threat, 
are associated with a variety of altered genetic scripts (e.g., 
in white blood cells and diseased tissues) [25]. Chronic stress 
and social disadvantage induce a characteristic gene expres-
sion pattern, which is an increased development of inflam-
matory processes (proinflammation), and a reduction of the 
antiviral and specific immune defense. This specific pattern is 
also known today as “conserved transcriptional response to 
adversity” (CTRA) and is considered a molecular signature of 
chronic stress [26], which is ultimately a part of the biologi-
cal stress response (SR) already described. While the acute in-
flammatory response is a time-limited adaptation of the body 
to increased activity of the immune system to fight injury or 
infection, the chronic inflammatory response is a maladap-
tive condition [15,27,28]. This is associated with an increased 
risk of certain cancers and neurodegenerative and cardiovas-
cular diseases, as well as asthma, arthritis, and mental disor-
ders [29,30]. This suggests that RR procedures would have an 
ameliorating potential in this context.
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Relaxation/Mind-Body Techniques: 
Inflammation Modulation and Nitric Oxide

The RR has been shown to contribute to the symptomatic im-
provement of a variety of stress-associated diseases [26,31,32]. 
However, the underlying molecular genetic mechanisms are 
mostly less well known. It is assumed that the RR can to some 
extent counteract stress-induced gene expression and thus 
lead to a partial improvement of the negative stress effects 
on the human body via various biochemical signaling path-
ways [33,34]. Moreover, we speculate that the RR is a synchro-
nized metabolic down-regulation, thereby facilitating longevi-
ty and health via protection of genetic integrity, also allowing 
for metabolic “cleansing” procedures.

In particular, a modulating effect of the RR on inflammatory 
processes at the cellular level is frequently discussed and in-
vestigated. In most of the cases described, the use of different 
RR-eliciting techniques exerts an effect on specific gene expres-
sion, or epigenetic alterations, which are involved in the devel-
opment of inflammatory and immunological processes as well 
as the regulation of cell survival [35,36]. The activity of these 
genes is regulated, among various factors, including the nu-
clear (cellular) transcription factor NF-kB (nuclear factor kap-
pa B), which also is modulated by local nitric oxide (NO) pro-
duction and plays an important role in the development and 
maintenance of chronic inflammatory processes [15,37–39].

Studies have often reported that mind-body interventions (MBI) 
can cause down-regulation of the proinflammatory transcrip-
tion factor NF-kB [2,20,38]. Compared to, for example, control 
groups with no MBI, this effect was particularly evident in ex-
perienced practitioners (meditators), newcomers, healthy or 
ill patients, and in the use of different meditation methods, 
as well as in yoga and tai chi [19,20,33,40]. NO-mediated cel-
lular signaling is involved in this immune mechanism [2,39]. 
The physiology of the RR presumably leads to an increased 
release of constitutive NO, which in turn influences the activ-
ity of NF-kB (c.f., [34]). NF-kB activity is blocked by association 
with the specific inhibitor IkB kinase (IKKB) complex [37,41]. 
The presence of NO additionally stabilizes this complex, which 
is likely to reduce NF-kB-mediated activation of proinflamma-
tory genes. As a result, a diminished synthesis of proinflam-
matory mediators is expected, which would be generated in 
several steps (theoretically) by the RR and would be benefi-
cial to health [26,42].

Several studies have been able to directly correlate meditation 
or relaxation practice (MBI) with biological consequences of de-
monstrably altered gene expression. For example, altered levels 
of some inflammatory mediators, such as IL-6, IL-12, and IL-10, 
have been reported [43]. In addition to the modulation of NF-
kB activity, there is a range of other mechanisms in which an 

influence on cell metabolism and apoptosis regulation (con-
trolled cell death) is suggested by the molecular effect of the 
RR. Again, differences between people with regular, long-term 
practice and novices are observed. For experienced practitio-
ners, in particular, increased expression of genes associated 
with mitochondrial energy metabolism signaling pathways, 
as well as increased insulin secretion, has been demonstrat-
ed [20,21,33,44]. In addition, physiological adaptations con-
cerning the signaling pathways of cellular oxidation process-
es were shown. An increased reduction of oxidative stress is 
observed in MBI, which could represent an important process 
of cell repair and may thus slow cell aging [21,33].

Another molecular phenomenon influenced by the RR is an in-
crease in brain-derived neurotropic factor (BDNF) in the blood 
plasma, mediated, for example, by yoga as meditation or mind-
body practice (MBI). This growth factor is responsible for the 
genesis, survival, and plasticity of neurons, showing the adapt-
ability in the central and peripheral nervous systems. The pro-
tein shows its greatest activity in brain areas that are of cen-
tral importance for learning and memory functions, and higher 
states of consciousness [2,43]. Although this research is in its 
early stages, there is substantial and mounting evidence that 
supports the concept of strong mind-body-cell-gene-epigen-
etic connections.

The Role of Mitochondrial and Microbiome 
Regulation

The underlying molecular mechanisms of relaxation/mind-
body regulation, with the ability to down-regulate energy 
metabolism and (cell) aging, reside within the origin of cel-
lular life. We speculate that it originated in prokaryotes and 
evolved in the symbiotic mitochondria. The establishment of 
this process would involve the utilization of nitrogen in pri-
mordial life forms, such as nucleic bases and NO, serving, in 
part, as the original cellular chemical messengers with roles 
in energy metabolism [45]. This is noted in the interaction of 
nitrates and nitrites and the effects of NO on mitochondrial 
metabolism. These molecules can thus down-regulate aero-
bic metabolism. In this regard, endogenous morphine releas-
es mitochondrial constitutive NO via the mu3 opiate receptor 
subtype on mitochondrial inner membranes, which diminish-
es oxygen utilization [46,47].

We surmise this molecular action at this base level of modu-
lation provides cells with the ability to periodically rejuvenate 
their intrinsic life-sustaining activities simply by decreasing en-
ergy transduction into adenosine triphosphate (ATP), both in 
anaerobic and aerobic metabolism. This down-regulation al-
lows time to rid the cell of harmful byproducts, such as free 
radicals. In part, this process derives its significance from the 
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fact that ATP is not stored. As multicellular organisms evolved 
with ever increasing sophistication (e.g., cognition), this mo-
lecular mitochondrial “down-regulation” also became more 
complex and eventually evolved into synchronized periods of 
time when an entire animal would appear to be in a state of 
“rest”, such as “sleep”. Mitochondrial restoration, or rejuve-
nation, would then be a “healthy” mechanism to counteract 
mitochondrial decline, since a decline in mitochondrial func-
tion contributes to various disease states and aging, including 
cellular senescence and chronic inflammation [48]. We there-
fore surmise that cognitive induced meditation (i.e., the RR) is 
similar in nature (Figure 1). Furthermore, once cognition took 
hold as a major coping strategy for survival, the restorative 
properties of rest, or relaxation, were fully realized.

With regard to microbiome regulation as part of these process-
es, it has become apparent that the molecular and biochemi-
cal integrity of interactive families, genera, and species of hu-
man gut microflora is critically linked to maintaining complex 
mitochondrial, metabolic, and behavioral processes mediated 
by peripheral organ systems and central nervous system neu-
ronal groupings [49]. In shaping human gut microbiota, envi-
ronment dominates host genetics [52]. In fact, the gut microbi-
ome does not seem to be significantly associated with genetic 
ancestry, since similarities in the compositions of the microbi-
omes occur in unrelated individuals who share a household, 
and 20% of the inter-person microbiome variability is relat-
ed to other behavioral factors and anthropometric measure-
ments [52]. Clearly, microbiome composition data have im-
proved the prediction accuracy for obesity and other lifestyle 
or behavioral measures.

The gut microbiota is subject to micro-fluctuations, mean-
ing that it is finely tuned, as it also displays diurnal rhythmic-
ity and functional oscillations over the course of a day, which 
potentially affects metabolic host homeostasis [53]. Thus, the 
microbiome is highly sensitive to various cues, both external 
and internal, including circadian activity changes. This diurnal 
microbial behavior also drives the global programming of the 
host circadian transcriptional, epigenetic, and metabolite os-
cillations [53]. Disruption of homeostatic microbiome rhyth-
micity therefore affects diurnal fluctuations of host physiolo-
gy and disease susceptibility [53].

A particular disruptor with extensive (patho-) physiological im-
pact on human gut microbiota is drug application [54]. This re-
lates not only to antibiotics, but also to a broad array of com-
monly used drug classes; it has been estimated that a quarter 
of the drugs with human targets, including members of all ther-
apeutic classes, inhibited gut microbiota [54]. Particular classes 
of psychotropic drugs, such as the chemically diverse antipsy-
chotics, were overrepresented in this group [54]. Taken togeth-
er, metabolic and mitochondrial cues, as well as behavioral and 

other external cues, have a high significance for microbiota 
function and gut integrity, and vice versa. In principle, howev-
er, the microbiome, as well as mitochondrial processes relat-
ed to it, is prone to influence by host behaviors and, possibly, 
cognitive behavioral training. Accordingly, with mental train-
ing and MBI such as cognitively induced health behaviors, the 
brain, via its motivation and reward circuitries imbedded in 
the limbic system, can steer or down-regulate upstream (hy-
per-) activating processes that were originally induced by the 
gut microbiome (Figure 1).

Limitations

The effects of MBI on telomere elongation, or possibly short-
ening, in particular cases, and its significance and specificity 
in various disease states, remain to be determined. In partic-
ular, the role of MBI in cancer therapy and prevention is still 
a matter of ongoing debate and thus under further scientific 
scrutiny. Here, as well as in the general understanding of the 
underlying cellular physiology, additional studies are under 
way and their results are eagerly awaited. So far, the findings 

Behavior

Limbic
Autoregulation

Cellular

Vagal afferents

GUT

Brain
Emotion

Cognition
(Mental training)

Interchange

Microbiome
(GUT)

=Mitochondrial coupling

Relaxation response
(Meditation)

=Mind-Body-Medicine

Anterior insular cortex
(Interoception)

=Visceral/Gut sensibility

Figure 1.  Brain-Gut Coupling and Insular-Vagal Integration. 
It has become apparent that the molecular and 
biochemical integrity of interactive families, genera, 
and species of human gut microflora is critically linked 
to maintaining complex metabolic and behavioral 
processes mediated by peripheral organ systems and 
central nervous system neuronal groupings [49]. In 
addition, the vagus nerve may be the primary route 
through which gut signaling and pathological triggers 
such as alpha-synuclein travel from the intestines to 
the brain. Here, limbic autoregulation would integrate 
afferent peripheral inputs with central interoception, 
insular cortex activity, and emotion/emotional 
contexts. Accordingly, with mental training and MBI, 
i.e., cognitively induced health behaviors, the brain (via 
its motivation and reward circuitries, imbedded in the 
limbic system) may downregulate upstream (hyper-) 
activating processes [2,32,42,49–51].
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described must be seen as promising but limited (i.e., prelimi-
nary), but constitute a new model for understanding the chro-
mosomal processes in mind-body medicine, and defining a role 
for chronic stress, cell aging, and telomere length.

Conclusions

Stress is a growing problem in our modern societies, with pro-
found impact on economic and medical outcomes. High levels 
of stress or chronic, prolonged states affect cellular aging, as 
well as inflammatory and chromosomal processes, including 
telomere lengths, and this has a close connection to a variety 
of chronic health conditions. It can be surmised that stress-re-
lated, behavioral, or chronic diseases usually require a holis-
tic or integrative therapeutic approach. Mind-body medicine 
(MBM) uses the interaction between the mind, body, behav-
ior, and the environment to affect physical and psychological 
health and functions. The concept of a general down-regula-
tory potential in physiology and autoregulation is critical to 
MBM. The RR is a physiological opponent of stress and the SR 

(i.e., the fight-or-flight response). Hence, techniques that elic-
it the RR are at the core of practically all MBM interventions. 
Accordingly, we further surmise that these techniques and el-
ements can also affect chromosomal and telomere processes, 
molecular aging, and the modulation of inflammatory processes. 
In addition, mitochondrial and other intracellular procedures, 
including NO and endogenous opioid signaling, as well as the 
general nitrogenic or the actual microbiome status in the ex-
tracellular space (i.e., gut) may also be involved in stress and 
its counteraction through MBM/MBI. Further studies will re-
veal more details on these possible correlations.
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