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sociated with advanced age
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Abstract

Background: Alzheimer’s disease (AD) is a neurodegenerative disorder that affects 5 million United States
citizens. Many authors have proposed that mindfulness-based interventions (MBIs) have the potential to
effectively prevent AD-associated pathology and symptomology. However, the fact that both meditation
and AD are complex processes that involve a great number of biological pathways has made these phe-
nomena particularly challenging to dissect. This review advocates the use of gene expression to investi-
gate the mechanisms by which MBIs combat AD pathology.

Methods: Searches were performed using Thomson Reuters Web of Science. Ultimately, 85 journal articles
were selected for their content as it pertains to the purpose of this review.

Summary: Peripheral blood mononuclear cells (PBMCs) may provide reliable measures of cerebral gene
expression. Profiling their gene expression has demonstrated that MBIs may produce gene expression
changes in many of the same pathways (inflammation, cellular stress, proliferation, synaptic function)
and often in the opposite direction of disease-related deregulation. While AD is marked by shortened
telomeres resulting in genetic turmoil, meditation has been documented to exhibit a positive effect on
telomere maintenance. A comprehensive gene expression investigation is invaluable to reveal relevant

molecular mechanisms and provide the foundation for exploring the interaction between MBI and AD.

Introduction

Alzheimer’s disease (AD) is the sixth leading cause of death in the United
States and affects more than 5 million citizens. By the year 2050, this num-
ber is expected to nearly triple to 13.8 million citizens. It is a particularly
common disease in those of advanced age, with 11% of people age 65 and
older and 32% of people 85 and older suffering from AD. Disease man-
agement carries heavy financial burden, with total costs of care expected
to increase from a current annual $203 billion to $1.2 trillion by 2050. Un-
fortunately, these vast expenses do little for the patients, as AD cannot be
treated, nor can its progression be slowed. The prevalence and associated
expenses make AD uniquely damaging to society, but the neurodegenera-
tive symptoms — of vastly unknown pathology - are the true detriment to
quality of life. (1)

The promise of secondary prevention takes its roots in a 1988 postmor-
tem examination of 137 nursing home residents that revealed 10 subjects
whose cognition and functionality during life were unaffected despite mild
AD pathology in the brain. Interestingly, these 10 subjects also had higher
brain weights and greater neuron density, indicative of what is known as
higher brain reserve. (2) Since these origins, the cognitive reserve hypoth-
esis has evolved to encompass the fact that an individual with larger brain
size and neuronal count has a reserve of brain matter that may protect
the brain from neurodegenerative diseases by providing alternate physical
pathways for effective neural signaling as other paths degenerate with dis-
ease. In fact, a meta-analysis of over 29,000 individuals showed that those
with high cognitive reserve had a 46% reduced risk of developing demen-
tia. (3) Further research has shown that increased cortical atrophy, higher
levels of amyloid peptides in cerebrospinal fluid, and greater regional atro-
phy are necessary in order for individuals with higher cognitive reserve to
express clinical symptoms of AD. (4)
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At present, the main determinants used to predict cognitive reserve are
education, occupation, and leisure time activities. (5) An activity aimed
at building cognitive reserve that appears to be very promising is mindful
meditation, or rather, the many varying forms of mindfulness-based in-
tervention (MBI), which has been shown to invoke increases in volume in
several regions of the brain and thickens the cerebral cortex. (6) Though
far from being established therapies, MBIs are supported by a range of
statistically significant data suggesting that they are effective in treating
psychological disorders.

Purported Effects of MBIs on AD-Related Pathol-
ogy

One brain region of interest on which MBIs have a neurotrophic effect
is the hippocampus. In AD, the hippocampus atrophies even before sub-
jects or their family members notice cognitive changes. (7) The decline
in hippocampal volume is strongly correlated to AD and is especially
linked to memory-loss symptoms. Remarkably, when two studies em-
ployed short, 8-week meditation periods, researchers found promising
effects in the hippocampus. Holzel demonstrated an increased left hip-
pocampal volume in healthy subjects, while Wells described decreased
hippocampal atrophy in patients with Mild Cognitive Impairment
(MCI), a stage that is commonly considered to precede early AD. (8,
9) However, these particular studies had small sample sizes and were
designed to detect structural differences, with less focus on the clinical
diagnoses and cognitive changes that are relevant to AD improvement.
Several other studies by Luders have demonstrated significantly larger
right and left hippocampal volumes in long-term meditators as opposed



to normal controls. (10, 11) The importance of this recurring association
is that meditation may build reserve and reduce atrophy - leading to less
diminished cognition - in the area of the brain which is most damaged
by AD. Therefore, it is very possible that meditation will at least prevent
symptoms associated with decreased hippocampal function.

Meditation may also prevent AD symptomology by other means. Al-
though there is conflicting research amongst individual studies, me-
ta-analyses and reviews suggest that depression is a risk factor for devel-
oping AD later in life, and one study reached the conclusion that MCI
patients with depression have more than twice the risk of developing AD.
(12-14) Depression occurs in approximately 20-30% of patients with AD,
but it is unclear whether it is a risk factor for the disease, whether it is
a symptom of neurodegeneration, or whether it is simply a reaction to
cognitive decline. (15) No matter the case, MBIs are highly effective in
decreasing the likelihood of depressive relapse. (16) Meditation has also
been shown to counteract many other risk factors for AD, including high
cholesterol, hypertension, stress, and cerebral hypoperfusion. (17-19)

Recent research has focused on the important role played by glucose
in AD development, with a multitude of studies implicating defective
glucose metabolism in patients with AD, plaque development, and de-
creased cognitive abilities. Several key findings are that higher blood
glucose levels are a risk factor for AD; that AD patients have defective
insulin signaling; and that insulin has been linked to neuroprotective
factors that improve attention, memory, and cognition. More important-
ly, intranasal insulin therapy in patients with MCI and AD has produced
cognitive improvements, possibly because the metabolism of the hippo-
campus is dependent on insulin for proper function. (20-22) At the same
time, meditation upregulates insulin secretion, and as such, demon-
strates the potential for decreasing cognitive decline. (23)

Ultimately, the aforementioned mechanisms are only a subset of the
many ways that meditation can potentially mediate decreased cogni-
tive decline and even improve cognitive function. For further reference,
there are several recent review articles that further discuss the plethora
of evidence to support this hypothesis. (24, 25) Of particular note is a
review by Larouche et al. that identifies six main AD-related targets of
MBIs: stress hormones, cytokines, serotonin, oxidation, white matter hy-
perintensities, insulin, and IGF-1. (26)

Research on MBIs in the context of AD is limited by few clinical stud-
ies and small sample sizes. However, the existing research does suggest
that there is promise in the possibility that meditation can be an effec-
tive non-pharmacological invention. Several MBIs have been linked to
slowed age-related atrophy of the brain, although these studies did not
address the effects of neurodegenerative diseases. (6) Studies on the ef-
fect of Kirtan Kirya meditation on neurodegenerative diseases have doc-
umented many improved cognitive parameters in patients with cognitive
decline, MCI, and AD. (19) A study by Well and colleagues also examined
an MBI (MBSR) as a potential preventative measure for dementia-relat-
ed cognitive decline. The preliminary study demonstrated the potential
for reduced hippocampal atrophy and improved functional connectivity
in patients with MCI, yet it had too small a sample size for significance,
was not structured to detect clinical differences in cognition, lacked a
long-term follow up, and had an inadequate control group. (9)

The Power of Gene Expression Profiling

Less than twenty studies address overlap between MBIs and neurode-
generative diseases, and to date, none have addressed the topic with the
complexity that is necessary to understand this potential interaction.
While clinically relevant measurements of the effectiveness of MBIs on
AD progression - such as fMRIs that measure cerebral size and tests

that estimate various cognitive abilities — are unarguably pertinent in
evaluating the relevant outcomes of MBIs, these measures do nothing to
elucidate the mechanisms by which the two phenomena interact. Both
meditation and AD involve physiological changes in an immense number
of biochemical pathways, which complicates analyses of AD pathogenesis
and MBIs. (27) With microarray profiling, it is possible quantitate the
expression of many genes in parallel and identify differentially expressed

genes across diverging conditions. (28, 29) Thus, this technology may
allow us to obtain a better understanding of convoluted molecular mech-
anisms.

In an effort to produce accurate gene expression profiles, it may be most
relevant to investigate expression in cells of the CNS, and preferably
those affected by AD pathology. Unfortunately, such analyses cannot be
performed on the living, and post-mortem modifications of proteins and
RNA degradation may perturb the resulting data. Still, there have been
many studies investigating gene expression in human brains exhibiting a
range of pathology, from MCI to severe AD. Such studies have reaffirmed
the idea that AD is a systemic disease by finding significant differences
in gene expression in a multitude of pathways. Those that were often
down-regulated include general genomic transcription levels, transcrip-
tion factors and associated signaling molecules, neurotrophic factors,
signal transduction pathways, energy metabolism, synaptic vesicle
pathways, calcium binding, and cytoskeletal formation. Those pathways
that were consistently up-regulated were apoptotic signaling, pro-inflam-
matory signaling, cell adhesion, cell proliferation, protein synthesis, and
lipid metabolism. (23, 30-37) However, many of these studies have had
poor statistical power due mainly to small sample sizes. A recent study
selectively reaffirmed decreased expression across a large number of
genes involved in synaptic trafficking in MCI and AD patients as com-
pared to healthy controls, with no significant difference between the two
diseased states. (38) Further recent microarray studies have supported
altered synaptic vesicle trafficking, as well as altered calcium signaling,
cellular signaling, protein synthesis, metabolism, apoptosis, proliferation,
transcription factor activity, inflammation, and neuronal proteins, among
other differences that are concordant with the earlier gene expression
analyses. (39-43) However, these were all post-mortem analyses of the
brain and may contain gene expression data that is inconsistent with that
of the living.

In 1996, it was noted that peripheral cells mimic many biological alter-
ations that mark AD pathology. (44) Then in 2001, Tang and colleagues
proposed the premise that distinct peripheral blood mononuclear cell
(PBMC) expression patterns mirror differing neurological disease states,
and used rat arrays with over 7000 genes to provide evidence for the hy-
pothesized link. This team evaluated PBMC gene expression of rats that
were subjected to ischemic strokes, hemorrhagic strokes, sham surgeries,
kainite-induced seizures, and hypoxia or insulin-induced hypoglycemia,
and concluded that these expression profiles are actually unique to each
condition. Reporting gene expression changes in PBMCs after systemic
hypoxia or hypoglycemia was not surprising since the cells are directly af-
fected by the experimental conditions. However, changes in PBMC gene
expression following non-systemic end-organ specific injury like brain
ischemia, hemorrhage, or kainate-induced seizures was not self-explana-
tory, but confirmed the hypothesis that PBMC gene expression could be
used as a fingerprint of cerebral neurological diseases. (45) Further study
of PBMC gene expression patterns revealed consistency with distinct
individual variations that were related to age, gender, the proportions of
cell subtypes, and time of the day of sampling (46). Now, it is acknowl-
edged that PBMCs can directly participate in the neurodegenerative
processes and share many similarities with neurons in terms of biochem-
ical machinery and AD-specific alterations. (47) Despite the fact that
scientific research has yielded no validated peripheral markers for AD or
any CNS-related events, PBMC gene expression analysis may be useful
in understanding the multifactorial nature of neurological diseases, and
especially those with systemic effects that extend past the central nervous
system, such as AD.

There have been three studies that investigated the gene expression of
PBMC:s in AD patients. The first to address the issue was a study aimed
to determine the gene expression profile of AD patients in comparison to
age-matched controls in lymphocytes (a sub-category of PBMCs). RT-qP-
CR validation of microarray analyses excluded several genes — including
those in the pathways of cellular and humoral immune responses and
apoptosis — and determined that the a2C-adrenoreceptor and defensin
genes — genes involved in blood pressure and inflammation — were the
only truly down-regulated genes. (48) Another study in 2007 also aimed
to profile mononuclear cell gene expression in mild AD patients, using
microarray analysis followed by RT-qPCR. They discovered similar
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results to neuronal gene expression analyses, with up-regulation of genes
involved in apoptosis, cell development, cell metabolism, CNS-synapse,
inflammation, lipid metabolism, protein synthesis, as well as down-reg-
ulation in many genes involved in anti-apoptosis, cell development, cell
metabolism, synaptic processes, cytoskeleton form and function, DNA
repair, inflammation, lipid metabolism, mitochondrial function, cellular
trafficking, signal transduction, and transcription and translation. In fact,
28% of up-regulated genes and 16% of down-regulated genes were previ-
ously reported to have similar expression in the post-mortem expression
analyses, all 3 of which were discussed previously. Comparison to more
studies could result in more overlap. However, no genes were found to be
in common with the aforementioned 2005 lymphocyte study, although
similar pathways were affected. (49) The many correlations between this
study and previous post-mortem studies strengthen the case of PBMCs
as a “window” into the CNS. The third study, like the first, used lym-
phocytes for microarray expression analysis. While this study had the
smallest sample sizes, it did make a distinction in order to compare AD
and MCI to controls. The authors also found differences in expression of
several of the same genes or genes in the same family as those that were
differentially expressed in the previous monocyte study, including genes
involved in cellular signaling and metabolism. They also found a signifi-
cant differences in expression of members of the ABC transporter family
(with roles in membrane transport, translation, and DNA repair) be-
tween normal patients, MCI patients, and AD patients. (50) Overall, the
three studies in PBMCs have suggested expression differences in many
similar functional categories of genes as the studies in CNS tissue and
especially in the categories of inflammation and intracellular signaling.
(39) Non-microarray, targeted studies of PBMCs have revealed further
differential regulation in MCI and AD patients that include changes in
expression of genes in cholesterol metabolism, inflammation (and specif-
ically, NF-kB signaling), stress, proliferation, synaptic function, and iron
homeostasis; the gene for transcription factor Sp1, which controls many
AD-related proteins; and Scaral, an amyloid-beta receptor. (51-58)

Similar research has been conducted on the effects of MBIs on PMBC
gene expression. The first study to do so analyzed practices that elicit the
relaxation response (RR), which is particularly intriguing in that it does
not delineate a specific form of meditation but rather allows for a variety
of practices that induce similar physiological characteristics, mainly:
decreased oxygen consumption, increased exhaled nitric oxide, and
reduced physiological distress. (59, 60) This study compared the gene ex-
pression in long term practitioners (M) and 20 healthy controls (N1) who
underwent eight weeks of RR training and were analyzed again (N2).

In summary, the findings involved 1504 to 2209 differentially expressed
genes in the 3 comparisons (N1 to N2, N1 to M, and N2 to M) with simi-
lar numbers of up-regulated and down-regulated genes. The differentially
expressed genes were found to be involved in many recurring cellular
pathways, including oxidative phosphorylation, ubiquitin-dependent
protein catabolism, nuclear mRNA splicing, protein synthesis, cellular
metabolism, NF-kB signaling, and the regulation of apoptosis. (61) An-
other study that also analyzed PBMC gene expression did so in response
to Sudarshan Kriya, a yogic and meditative practice. However, instead of
using microarrays, the study employed qRT-PCR techniques specifically
focused on genes involved in oxidative stress, DNA damage, cell cycle
control, aging and apoptosis. The study concluded that there were signif-
icant differences in gene expression of practitioners of several proteins
that protect the cell from oxidative damage, and increases in inflamma-
tion- and apoptosis-related COX-2 and stress response gene HSP-70. The
results also present increasing trends in telomerase reverse transcrip-
tase and BCL-2, which are related to cellular aging and anti-apoptosis,
respectively. (62) It is of note to mention a third study that has some
similar findings despite being performed on neutrophils (which are not
PBMC:s) and on the practice of Qigong. This study also found down-reg-
ulated genes in ubiquitin-dependent protein catabolism, cellular stress
(with the exception of two up-regulated HSPs), and protein synthesis,

as well as up-regulation of certain immunity-related genes. (63) From
these experiments, it is quite clear that MBIs give rise to gene expression
changes in many of the same pathways that are altered by AD. However,
these studies all have their own downfalls, including small sample sizes,
unaccounted variables, and a lack of RT-qPCR validation. (64)

There are, however, several more recent studies that have provided
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further insight into altered gene expression induced by meditative and
yogic practices. A second study from the same RR researchers proceeded
to further analyze the subject. Although focusing on temporal transcrip-
tional changes associated with a single RR practice session after either
long-term practice or an 8-week session, functional analysis revealed the
potential impact of meditation on several pathways. The results demon-
strated upregulated genes involved in telomere maintenance (which will
be discussed in further detail below), calcium signaling, transcriptional
regulation, insulin, and energy metabolism - which, as the authors pro-
pose, may aid in protection against aging and oxidation - and down-reg-
ulated genes in the apoptosis pathway, stress response pathway, and
inflammatory pathways, including NF-kB and associated molecules. (23)
Another study that examined effects from only daily sessions of Sudar-
shan Kriya rather than longer-term practices reported significant rapid
gene expression changes even from these single sessions. However, with
several different approaches to gene ontology analysis, they were unable
to identify any specific pathways that were affected. (65) Yet another
study established decreased expression of pro-inflammatory genes and
histone-deacetylases (HDACs, which generally repress transcription)
based on custom pathway RT-qPCR of PBMC RNA of expert meditators
after a day of intensive meditation. (66) Taken together, the two previous-
ly mentioned studies indicate that single daily sessions would most likely
not be sufficient to combat AD pathology, and therefore serve to justify a
longer intervention.

Only two studies have employed MBI strictly as interventions — both
lasting 8 weeks — and used PBMC gene expression as an outcome
measure. One promising study demonstrated how 8 weeks of Kirtan
Kriya Meditation reversed the pattern of up-regulated NF-kB-related
inflammatory gene expression and decreased immunity gene expres-
sion observable in the PBMCs of dementia caregivers. (67) Even more
relevant is one study that employed an 8 week MBSR intervention and
discovered decreased expression of pro-inflammatory genes (including
NEF-kB) and correlated the reduction in inflammatory gene expression
with a reduction in loneliness. (68) Despite being limited by small sample
sizes, these studies demonstrate potential for meditation to combat at
least some of the pathology of AD at the level of gene expression. There
have been no published studies investigating the effects of MBIs on MCI
or AD patients that have measured gene expression.

Telomeres

The effects of meditation and the pathology of AD converge on telomere
maintenance. Telomeres are gene-poor, repetitive DNA regions that span
10-15 kb in humans. Active telomerase is crucial to maintain telomere
length, and in turn, length is necessary to maintain cell viability; shorten-
ing beyond a critical length triggers a DNA damage response that results
in cell cycle arrest or apoptosis. Telomere shortening is thought to con-
tribute to the pathologies of degenerative diseases that often occur with
age. (69, 70)

One of the first studies on AD and telomere length concluded that the
PBMCs of AD patients had shorter telomeres than those of age-matched
controls, and that T-cell telomere length specifically was correlated with
Mini-Mental State Examination (MMSE) scores. The study also found
an inversion correlation of T-cell telomere length with serum levels of
the pro-inflammatory cytokine TNFa, suggestive of the concept that de-
creased telomere length is conducive of the immune dysfunction that is
characteristic of AD pathology. (71) A study several years later provided
supporting evidence, again citing shorter telomere lengths in T-cells of pa-
tients with AD-type dementia. (72) A third study demonstrated decreased
peripheral blood leukocyte (PBL) telomere length in AD patients with a
higher mortality correlated with shorter telomere length. (73) Another
study also reported decreased PBL telomere length in AD, but compara-
tively longer hippocampal telomere length, probably due to gliosis, a gli-
al cell response to cerebral injury that involves up-regulated telomerase.
When comparing telomere length in the cerebellum - a region that is in-
capable of gliosis — to PBL telomere length, a correlation was found. (74,
75) Of particular note is a later study that reported significantly shorter
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telomere length in monocytes of AD patients compared to controls. (76)
An important implication of this research is that longer telomere length is
associated with more normal functioning. Indeed, longer telomere length
has been shown to be linked to improved cognitive function in healthy and
cognitively impaired subjects, thereby making telomere length a target for
therapeutic medicines and practices. (73, 77-78)

As mentioned above, increased telomerase expression after MBIs has been
noted in microarray analyses. (23) However, this measurement of RNA
transcription alone is insufficient evidence of increased telomerase func-
tion nor of increased telomere length. To pursue the question, there have
been four randomized control trials that tested the effect of meditation on
telomerase activity in PBMCs. The studies had varied controls, sample siz-
es (39-63), hours of practice (11-57), methodology for outcome measures,
populations (overweight, chronic fatigue, long-term meditators, dementia
caretakers), and meditative practices; yet all studies reported increased
telomerase activity in the meditative group. (79-82) Together, these four
studies display a significant combined effect size of 0.46. (83) However, an
important point is that increased telomerase activity does not necessarily
translate increased telomere length, as telomerase must access the DNA
in order to extend it. One trial investigated the effect of meditation on
actual telomere length, and though restricted by a small sample size, it
demonstrated an increasing trend in relative telomere length (RTL) and a
significantly longer RTL in women. (84) No randomized controlled trials
have examined the effect of meditation on telomere length or telomerase
activity in MCI or AD patients.

Concluding Remarks

It is necessary to first validate the yet-unverified principle that MBIs may
prevent the progression of AD pathology before delving into intricate dis-
sections of the relevant molecular interactions. Furthermore, the time pe-
riod of intervention must be refined; is prevention best accomplished with
lifelong commitment to an MBI, or can it be employed as a short therapy
when the disease is already visible; and if so, at what stages will it be ef-
fective? These questions can best be addressed by large, highly controlled
studies which measure clinically relevant symptoms of AD progression,
such as cognitive decline and cortical atrophy. It is important to note that
while gene expression may identify candidate interfaces of AD-MBI inter-
action, it only creates the foundation for functional experiments to clarify
and explain the overlapping pathways. Furthermore, a necessary supple-
ment to these investigations would be to isolate the epigenetic mechanisms
that are at the root of the changes in gene expression.

AD and meditation are two complicated processes that involve changes in
a great multitude of unique and overlapping pathways. As science contin-
ues to push forward the frontiers of high throughput information process-
ing, the veiled particulars may emerge to provide a clearer understanding
of their interaction. However, the genetic and molecular information of
the present day stands in strong support of the hypothesis that meditation
may be an effective means for the prevention of AD progression. The sci-
entific world awaits a comprehensive gene expression study that can form
the basis for a new age of effective, noninvasive dementia treatment.
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