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This special issue focused on the intersection of epigenetics
with nursing research and practice. The first paper in this
series addresses the role of epigenetic modifications in pain
and analgesia response, highlighting the need for future
research on epigenomic modification in the development of
chronic pain, and summarizes the therapeutic potential to
alter epigenetic processes to improve health outcomes. The
second studies the epigenetic alterations and an increased
frequency of micronuclei in women with fibromyalgia, high-
lighting a difference in an epigenetic biomarker in partici-
pants versus controls. The third paper explored the role of
epigenetics in critical illness and the need for clinicians to
understand and navigate the novel therapies of the future
based on advances in epigenetic science. The fourth paper
described the complexity of recruiting participants for epi-
genetic research and highlighted strategies, including scripts
for facilitating the informed consent process. The fifth paper
was an insightful review of the epigenetic mechanisms that
may contribute to the biological response to trauma and risk
for posttraumatic stress disorder. The sixth paper discussed
the state of the science in understanding measures of cellular
aging in depression.

Debra E. Lyon
Susan G. Dorsey
Leorey Saligan
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Pain remains a poorly understood and managed symptom. A limited mechanistic understanding of interindividual differences
in pain and analgesia response shapes current approaches to assessment and treatment. Opportunities exist to improve pain care
through increased understanding of how dynamic epigenomic remodeling shapes injury, illness, pain, and treatment response.
Tightly regulated alterations of the DNA-histone chromatin complex enable cells to control transcription, replication, gene
expression, and protein production. Pathological alterations to chromatin shape the ability of the cell to respond to physiologic
and environmental cues leading to disease and reduced treatment effectiveness. This review provides an overview of critical
epigenetic processes shaping pathology and pain, highlights current research support for the role of epigenomicmodification in the
development of chronic pain, and summarizes the therapeutic potential to alter epigenetic processes to improve health outcomes.

1. Introduction

Pain is the number one reason patients consult a health
care provider in the United States, with one in every three
emergency room patients and more than 60% of all pri-
mary care patients listing pain as their chief complaint [1].
Chronic pain, including migraine headaches and low back
pain, affects more than 250 million Americans and nearly
10% of the world’s population. The incremental health care
and societal costs of undermanaged pain range from $560
to $635 billion annually in the United States, including
lost worker productivity and the impact of addiction, with
another $900 billionworldwide [1–4]. Pain, however, remains
a poorly understood symptom. No person experiences pain
like any other and even the same person may experience
pain in different ways, at different times, and under different
circumstances challenging both assessment and treatment.
Without a clear understanding and consensus as to the
mechanisms underlying these differences, nurses are limited
in their ability to develop an evidence-based intervention
science to guide symptom management. The incorporation
of genetic approaches into nursing and multidisciplinary

research has been one of the most significant research devel-
opments in the last 10 years, providing new and promising
opportunities to understand interindividual differences in
pain and therapeutic response.

Pain genetics is a broad term that describes both classic
Mendelian techniques used to identify inherited variation
in pain sensitivity and analgesic response as well as newer
gene-level DNA and RNA sequence measurement sciences.
While these techniques and approaches are not novel, their
application to understanding pain and pain management
has provided new mechanistic insights and treatment pos-
sibilities. Genome-wide association studies (GWAS) and
focused candidate gene association studies (CGAS) have
identified more than 350 genes that are relevant in both
clinical and experimental pain, with identification of many
hundreds more pain and analgesia regulating genes [5, 6].
Polymorphisms of pain-relevant genes identified through
genetic linkage mapping suggest that heritable genetic fac-
tors play a role in many pain states including menstrual,
migraine, andmusculoskeletal pain and help to explain some
interindividual differences in pain and analgesic response
[7–12]. Genetic correlation studies in selective bred mouse
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strains have identified common sets of genes associated
with phenotypic clusters of pain traits, suggesting different
forms of nociception and hypersensitivity that represent
genetically distinct pain modalities [5, 8, 13–15]. Mechanical
nociception is likely mechanistically and genetically distinct
from both thermal nociception and the nociceptive response
to noxious chemical stimuli, with each modality also likely
having unique analgesic responsiveness. Advances in animal
modeling linking genetic variability to differences in pain
and analgesic response have successfully translated to many
testable gene-associated hypotheses in human pain studies
[5, 9].

However, not all attempts to isolate the effects of DNA
variance have been successful. Many complex pain con-
ditions including rheumatoid and osteoarthritis as well as
fibromyalgia and neuropathic pain do not link to heritable
factors. Genetic approaches also have not been generally
useful in identifying factors that shape the trajectory of pain
symptoms distinct from the pathophysiology of disease [15–
18]. Although variability in techniques and experimental
methods across laboratories has contributed to difficulties
in replicating some research findings, evidence suggests
that there are factors beyond biological variability across
populations or pain states that shape the pain experience.
A new focus on epigenetic mechanisms has highlighted the
role that highly orchestrated remodeling of transcription
and translation processes play in altering genomic structure
and function without any change in the basic nucleotide
sequence in DNA [18, 19]. In this review, we introduce
fundamental concepts of epigenetics, highlighting current
and future prospects for developing a richer understanding
of human pain as well as more effective pain management.

2. Epigenetic Mechanisms: Chromatin
Remodeling, Modification, and Gene
Expression

The human genome contains more than 6 billion individual
base pairs of amino acids packaged onto 23 paired chro-
mosomes, supporting more than 30,000 regionally local-
ized genes. These transcription and regulatory sequences of
nucleic acid molecules are responsible for coding the instruc-
tions that make proteins and other critical cell products.
Compacting the nearly 2 meters of chromosomal DNA into
the relatively small nucleus inside each cell, while continuing
to support transcription, replication, and ultimately gene
expression, requires a series of highly coordinated packaging
processes that serve to temporally and functionally control
access to DNA throughout the cell cycle [19–21]. Histones
are the chief compacting proteins within the nucleus. These
positively charged proteins develop tight covalent bonds
with the negatively charged proteins along the backbone
of DNA creating spooled DNA-histone complexes called
chromatin. Chromatin organizes as repeating structural and
functional groupings of eight histones surrounded by short
segments of spooled DNA called nucleosomes. This “bead
on a string” chromatin structure opens segments of DNA,
facilitating transcription and replication of DNA by allowing

ready access to RNA and DNA polymerases as well as
other transcription accessory proteins. Chromatin can also
condense around multiple histones into short, thick, coiled
nucleosome-dense fibers; this tightly compact chromatin
structure prevents access to the DNA, effectively silencing
gene expression [22–24]. It is this functionally relevant reg-
ulation of gene expression through dynamic remodeling and
modifications to chromatin that defines epigenetics [19–21].
Tightly regulated purposeful alterations in chromatin confor-
mation enable cells to control transcription, replication, pro-
tein production, and ultimately survival. Pathological alter-
ations in chromatin conformation adversely affect the ability
of the cell to respond to physiologic and environmental cues
and are linked to disease and reduced treatment response.
The promise in epigenetics lies in identifying the temporal
ordering of chromatin conformational changes linked to
pathology, then therapeutically leveraging the transient and
often reversible nature of epigenetic processes to interrupt or
otherwise influence a health outcome [20, 21, 25–27].

Cells have evolved considerable diversity for altering the
way DNA compacts around histone proteins, providing an
almost unlimited ability to control and shape DNA readout.
Chromatin remodeling processes include those that specif-
ically target the genomic DNA within the chromatin struc-
ture, specifically and principally DNA methylation. Other
processes target the histone proteins, including processes that
add or remove methyl, acetyl, and phosphate groups. Still
other processes shape the actions of small regulatory non-
coding and gene-silencing RNAs. DNAmethylation involves
the addition of a methyl group to a cytosine in a DNA
dinucleotide; this modifies the covalent bonding between
DNA and histones providing a stabilizing effect on gene
expression [28, 29]. Entire genomic regions in the DNA
have been identified where cytosine and guanine appear
next to each other in repeating sequence, held together by
phosphodiester bonds. The methylation status of cytosine
in these CpG islands exerts a robust influence on gene
expression. Transient methylation of CpG sites in coding
regions of genes will temporally suppress gene expression,
while unmethylated CpG sites in promoter regions will
increase gene expression [20, 21]. Although methylation
of DNA can function to suppress harmful sequences of
DNA that have been integrated into the genome over many
generations, DNA methylation has also been implicated in
the development of many cancers. Methylated DNA has been
demonstrated to disrupt the binding of transcriptional pro-
teins as well as the recruitment of other remodeling proteins,
effectively silencing tumor suppressor genes allowing rapid
and often unregulated tumor growth [30, 31].

The linear structure of histone proteins includes
sequences of amino acids that have been translated from
messenger RNA and then folded and held together by both
weak and strong covalent bonds.These amino acid sequences
or residues can undergo a wide variety of posttranslational
enzymatic modifications that also influence how DNA
compacts around the histone core. Similar to methylation in
the DNA dinucleotide, the addition of a methyl group to a
histone protein generally inhibits gene expression, while the
addition of an acetyl group into a histone protein generally
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loosens the interaction of DNA and histones favoring gene
transcription [20, 22, 24, 25]. The orchestrated formation
and disruption of chromatin that controls transcription also
include ways to rapidly and dynamically demethylate and
deacetylate protein structures, add or remove phosphate
groups, and to recruit a wide range of modifier proteins that
alter the covalent connections to other proteins in the cell
[19, 20].

3. Epigenetic Mechanisms Shaping Pain and
Analgesia Response

Chromatin modifications and remodeling are most pro-
nounced when cells experience rapid environmental changes
and chemical stress [32–35]. Many cell types utilize a wide
range of epigenetic mechanisms to withstand and respond
to insult. Mature neurons, however, with very low turnover
and regeneration rates, likely owe their long-term survival
across a life time of environmental misfortune to a broad
and comprehensive epigenetic response to cellular stress [33,
34]. Where most pain research has traditionally focused on
understanding the underlying genomics and pharmacoge-
netics of injury, inflammation, and pain, epigenetics provides
a new paradigm with which to explore the plasticity of
the nervous system [5, 36–38]. All along the nociceptive
pathway, from periphery to cortex, a wide range of molecular
mechanisms exist to either facilitate or inhibit the processing
of pain messages. Acute pain usually follows localized injury
and inflammation, sensitizing both the peripheral and central
nervous system, and prompting tissue protective withdrawal
responses. Sensitized spinal and brain nerve cells respond to
persistent afferent input by releasing both pro- and antinoci-
ceptivemolecules,mediating andmoderating pain responses,
and in the process altering their synaptic relationships with
adjacent nerve cells. Some synaptic connections will quiet
or die back, some new synapses appear, and some abnormal
synaptic connections will form, changing the balance of exci-
tation and inhibition in pain processing. Researchers describe
the formation of abnormal or pathologic connections as a
form of “cellular memory” explaining why pain may linger
after all objective measures indicate tissues that have healed
[39–41]. After decades of pain research, however, it still is
not clear why one patient develops persistent or chronic pain
and a second patient with a very similar insult will not.
Epigenetic modifications may well represent the physiologic
link between the injury state, the wider environment, and
chronic pain, with impact apparent from the first moments
of tissue insult.

Several critical “first responder” transcription factors,
including NF-kB (nuclear factor k-light-chain-enhancer of
activated B cells), c-Jun, c-Fos, and several hormone acti-
vated receptor proteins, serve as drivers for wide-ranging
epigenetic responses to cellular stress. Present but inactive in
many vascular, nerve, and immune cells, these transcription
factors become activated in response to cell insult and are
able to rapidly access chromosomal DNA as demethyla-
tion unspools chromatin structure to initiate production of
a reparative cascade of inflammatory cytokines including

TNF-𝛼 (tumor necrosis factor-alpha) as well as T-cell and B-
cell regulating interleukins [42–44].The nearly simultaneous
dynamic remodeling of chromatin through the addition of
methyl groups to DNA and the removal of acetyl groups from
histone proteins regulates production of immune suppressing
glucocorticoids, providing a critical check and balance to
overactivation of immune responses [44–46]. Epigenetic
changes to chromatin structure are similarly linked to sup-
pression of pain inhibiting GABA (Gama-amino butyric
acid) synthesis, changes in expression patterns of sodium
and potassium channels driving afferent input into the spinal
cord, and activity-dependent upregulation of pronociceptive
brain-derived neurotrophin factor (BDNF) in the spinal cord,
as well as functional regulation of mu opioid receptors, the
principle receptor for endogenous endorphins, encephalin
and as well as opioid analgesics [47–49].

4. Potential for Greater Mechanistic
Understanding for Chronic Pain

Two of the most therapeutically intriguing insights arising
from epigenetics research are suggestions that epigenetic
mechanisms play a critical role in the transition from acute
to chronic pain, and that a wide range of environmental
factors across the lifespan serve as epigenetic primers for
individual pain and analgesic response [5, 26, 38]. Evidence
suggests that more than 1,000 genes in SDH (spinal dorsal
horn) neurons are epigenetically regulated within the first
minutes to hours following a peripheral nerve injury (40,
43, and 53). Often, these early modifications are followed
by more sustained epigenetic processes shaping synaptic
connectivity and formation of pathologic long-term pain.
Sustained DNA methylation downstream from early effec-
tor transcription factors, for example, has been linked to
an accelerated degeneration of vertebral disks in low-back
pain in both animal models and human subjects. Sustained
histone deacetylation has been identified as a factor driving
long-lived C-fiber dysfunction, decreased responsiveness to
morphine analgesia, and an upregulation of pronociceptive
metabotropic glutamine receptors in animal nerve injury
models [38, 48, 50–53].

Variable production of stress-induced glucocorticoids,
variable response to exogenously administered steroidal anti-
inflammatory agents, and even glucocorticoid resistance are
all identified as the likelymechanisms responsible for autoim-
mune illness and pathologic chronic pain, with each linked
to underlying epigenetic processes. Diverse and high indi-
vidual methylation patterns are associated with alternative
activation of promoter sites producing different sensitivities
to glucocorticoids. These diverse methylation patterns have
been shown to be associated with a number of environmental
factors including diet, maternal care, and early life stressors.
This provides compelling mechanistic evidence in support
of long-observed linkages between early sexual or physical
abuse, neonatal pain, previous injuries, and chronic pain
later in life [45, 46]. Epigenetics processes also provide a
mechanistic understanding of the phenomenon of opioid-
induced hyperalgesia, with chronic opioid use reported to
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stimulate DNA methylation leading to upregulation of 𝜇-
opioid receptors and increased pain with continued opioid
use [54].

5. The Therapeutic Potential in Blocking the
Deacetylation of Histones

The critical role of deacetylation of histone proteins in
shaping pain pathophysiology and analgesic response is
highlighted in a series of experiments, where deacetylation
has been pharmacologically inhibited [55–57]. Currently,
there are at least eighteen knowngeneswhich code for histone
deacetylases (HDACs), with differential expression patterns
throughout the human nervous system [58]. Exogenous
intrathecal administration of HDAC inhibitors results in
attenuation of experimental inflammatory pain induced by
complete Freund’s adjuvant (CFA) and formalin in rodents
[52–55]. HDAC inhibitors administered in central descend-
ing pain pathways result in decreased acetylation of the
Gad65 (glutamate decarboxylase) and Gad67 promoters in
rodent models of nerve injury. These enzymes normally cat-
alyze the production of GABA resulting in enhanced GABA
inhibition and reduced pain. The sustained hypoacetylated
state of Gad promoters following nerve injury in rodents
suggests that this may be a pathologic feature in chronic pain
that can be overcome by blocking removal of acetyl groups
from histone complexes [47]. Translating these mechanistic
insights to promising human trials is beginning to show
positive results. Valproic acid, long used to treat seizures, has
been identified as a potent inhibitor of Class I and II histone
deacetylases and is being used in a prophylaxis trial to treat
migraine headache. Givinostat, a second HDAC inhibitor, is
being tested in the treatment of an idiopathic form of juvenile
arthritis [59–62].

While pharmacologic blockade or inhibition of acetyl
group removal from histones is showing early promise, cur-
rent approaches to therapeutically manage the methylation
status of DNA present a more mixed picture of success. Glu-
cosamine and L-methionine, for example, are endogenously
produced molecules utilized by the body for biosynthesis
of cartilage-repairing glycoproteins and glycosaminoglycans.
Pharmaceutical grade versions of these molecules are both
prescribed and taken over the counter as nutritional sup-
plements for joint health and pain management for patients
with osteoarthritis. Evidence suggests that these molecules
also disrupt or alter methylation status of chromatin. To
date, however, nowell-designed studies report improved pain
relief using these supplements over placebo controls [59–62].
More encouraging results are associated with the administra-
tion of folate, a B-vitamin given to pregnant women to reduce
the risk of neural tube deficits. The widely administered
supplement has also been demonstrated to serve as a critical
cofactor for DNA methylation during pregnancy, with links
to improved gastrointestinal health in adulthood [63–65].
The challenges involved with therapeutic manipulation of
epigenetic processes are numerous. Currently, there is a lack
of available agents with targeted specificity for any particular
chromatin feature. Because the relationship between pathol-
ogy and pain is complex and it is not clear whether epigenetic

mechanisms represent the cause or the effect of pain states, it
becomes difficult to knowwhen it is best to disrupt epigenetic
mechanisms to prevent pathology and pain [1, 32–34, 55].

One exciting growth area for symptom research, includ-
ing pain and pain management, is evidence suggesting
that the epigenetic state of chromatin interacts with and
is critically shaped by context and environment. A new
emphasis on how epigenetics may shape and be shaped by
best practice and even moment-to-moment care decisions
is likely to have a profound impact on the practice of both
medicine and nursing, especially as it relates to critical event
management. Neonatologists now recognize that micro- and
macronutrition during pregnancy have an impact far beyond
the early months of life, with nutritional support strategies
epigenetically linked to later development of a wide range
of adult illnesses including asthma, hypertension, colitis, and
malignancies [63–65]. Critical care and anesthesia clinicians
are beginning to describe the period before, during, and after
the operative experience as the periotome, a period where
“priming” of the genetic and epigenetic state can broadly
influence biological results including hypoxic responses,
depth of anesthesia, postoperative pain levels, and analgesia
response [66]. The hope for the future would be to create
a “prosurvival” phenotype through targeted perioperative
epigenetic modification, with a more stable operative course,
improved operative outcomes, and less postoperative pain.
In a similar way, researchers that study trauma outcomes
are exploring promising ways to modulate acetylation in the
acute resuscitation phase to create an “anti-inflammatory”
phenotype, lessening the effects of blood loss, shock, and
pain [67]. Such promising research reinforces the premise
that the nervous system has untapped capacity to respond
to insult, inflammation, and injury. Health outcomes are
critically shaped by epigenetic processes that are theoretically
reversible and often transient, providing a new paradigm
for developing more effective approaches and treatments to
manage pain.
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Fibromyalgia (FM), characterized by chronic widespread pain, fatigue, and cognitive/mood disturbances, leads to reduced work-
place productivity and increased healthcare expenses. To determine if acquired epigenetic/genetic changes are associated with FM,
we compared the frequency of spontaneously occurring micronuclei (MN) and genome-wide methylation patterns in women with
FM (𝑛 = 10) to those seen in comparably aged healthy controls (𝑛 = 42 (MN); 𝑛 = 8 (methylation)). The mean (sd) MN frequency
of women with FM (51.4 (21.9)) was significantly higher than that of controls (15.8 (8.5)) (𝜒2 = 45.552; df = 1; 𝑃 = 1.49 × 10−11).
Significant differences (𝑛 = 69 sites) in methylation patterns were observed between cases and controls considering a 5% false
discovery rate. The majority of differentially methylated (DM) sites (91%) were attributable to increased values in the women
with FM. The DM sites included significant biological clusters involved in neuron differentiation/nervous system development,
skeletal/organ system development, and chromatin compaction. Genes associated with DM sites whose function has particular
relevance to FM included BDNF, NAT15, HDAC4, PRKCA, RTN1, and PRKG1. Results support the need for future research
to further examine the potential role of epigenetic and acquired chromosomal alterations as a possible biological mechanism
underlying FM.

1. Introduction

Fibromyalgia (FM), which affects at least 10millionAmerican
adults [1], is a multisymptom condition resulting in not only
widespread chronic pain, but also fatigue, sleep disturbances,
and morning stiffness. In addition, many patients experience
depression, anxiety, and dyscognition [2, 3]. FM has a
significant adverse impact on many individuals’ physical and
mental health [4, 5] and also leads to reduced workplace pro-
ductivity and increased health care/disability expenses, with
the estimated cost of FM on the US economy being reported
to be 12–14 billion dollars [1, 6]. While the adverse impact of

this condition is indisputable, its etiology remains enigmatic.
Due to the lack of clarity for the underlying cause(s) of
FM, it poses a diagnostic challenge, often requiring multiple
visits by specialists to render a diagnosis [7]. The lack
of understanding of the biological basis of this condition
also confounds our ability to develop effective interventions
and/or monitor disease progression. FM has been suggest-
ed to be a complex, multifactorial trait that is influenced by
age, gender (frequency is the highest in middle-aged fe-
males), and stress/trauma. Despite showing a strong famil-
ial aggregation [8–10], attempts to identify genetic fac-
tors associated with FM (primarily through polymorphism
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association studies) have yielded inconsistent results, with
some investigators showing associations between FM and
specific genes (including, but not limited to, genes for
catechol-O-methyltransferase [11–13], serotonin-2A receptor
[14, 15], serotonin transporter gene regulatory region [16, 17],
dopamine D4 receptor [18], 𝛽-2 adrenergic receptor [19],
gamma-aminobutyric acid receptor subunit beta-3, trace
amine-associated receptor 1, interferon-induced guanylate-
binding protein 1, regulator of G protein signaling 4, cannabi-
noid receptor type 1, and glutamate receptor 4 [20]), while
others failed to identify a relationship [21–25]. Since a con-
sistent, straightforward association with a gene(s) has not yet
been forthcoming, scientists have suggested that the familial
influence on FMmaymore likely reflect a genetic susceptibil-
ity to environmental events [21, 26, 27]. For example, Klengel
and Binder [28] identified differential methylation for a glu-
cocorticoid response element (the FKBP5 gene) that resulted
from the presence of both an “at-risk” allele (polymorphism)
and the occurrence of childhood trauma in subjects they
studied who had posttraumatic stress disorder.

Epigenetics, which refers to the process that affects gene
expression independent of actual DNA sequence (such as
methylation changes, histone alterations, and micro-RNA
expression), has enabled scientists to conceptualize the
impact of the environment upon one’s genes and one’s health
[29]. Genes can be turned on or off and display variations
in their level of expression, in part, due to epigenetic mod-
ifications [30]. Thus, epigenetics provides a biological means
for understanding the molecular processes of complex bio-
logical networks that connect the brain, behavior, and health
outcomes [31]. Given the overlap in symptoms and the
medical/adverse social histories present in people who have
FM, when compared to other conditions that have been
shown to be impacted by somatic epigenetic and genetic
alterations (such as depression and stress), it is plausible that
similar epigenetic mechanisms may underlie the individual
variability in the outcome of genetic and emotional inputs for
FM.

Knowing that histone and other epigenetic modifications
play a key role in establishing and maintaining chromatin
structure, it follows that changes in epigenetic profiles, as a
consequence of initiating events (such as stress/environmen-
tal exposure), could also lead to an increased frequency of
somatic chromosomal changes. Indeed, we have shown that
stress levels can impact the frequency of acquired chromoso-
mal abnormalities by demonstrating a significantly increased
frequency of somatic cell chromosomal instability in adult
women who experienced childhood sexual abuse when
compared to their identical cotwins who did not experience
childhood sexual abuse (quantified using a micronucleus
assay) [32]. Further support that chromosomal instability
could arise as a downstream effect following perturbations
in methylation comes from studies of individuals who have
immunodeficiency, centromeric region instability, and facial
anomalies (ICF) syndrome, which is an autosomal recessive
condition resulting from a mutation in the methyltransferase
gene B. People with this condition have an increased fre-
quency of acquired chromosomal abnormalities [33].

An efficient means for quantifying the frequency of
acquired (somatic) chromosomal abnormalities is the cytoki-
nesis block micronucleus (CBMN) assay, which provides
information regarding the presence of chromosomal errors in
somatic cells with minimal influences attributable to in vitro
selective growth pressures [34]. This technique is less labor
intensive than conventional cytogenetic studies but provides
results that are in close agreement to those obtained using
the “gold standard” ofmetaphase chromosomal analyses [35].
Micronuclei, which are the primary cytological structures
scored in the CBMN assay, are thought to contain chromatin
(from one or more chromosomes) that was not incorporated
(“lagging” or “lost”) into the daughter binucleates following
nuclear division [34]. Micronuclei frequencies have been
shown to increase with age and have been associated with
a variety of health conditions [36, 37]. However, to date, no
investigators have reported the frequency of MN in women
with FM. Based on the symptomatology and comorbidities
related to this condition, we hypothesized that women with
FM will have an increased frequency of acquired epigenetic
and chromosomal alterations. To test this hypothesis, we
initiated a pilot study to quantify chromosomal instability
levels and genome-wide methylation patterns in women
having FM and to compare these genetic/epigenetic values to
those present in comparably aged, healthy control women.

2. Materials and Methods

2.1. Study Participant Ascertainment and Specimen Collection.
Data for this studywere obtained froma subset of participants
(𝑛 = 10), who were randomly recruited by mail from a
larger, parent study sample of 64 women diagnosed with
fibromyalgia (VCU IRBProtocol numberHM12211) (Table 1).
In the parent study, the participants completed a two-
group randomized, controlled, clinical trial to examine the
effect of guided imagery on self-efficacy, perceived stress,
pain, fatigue, depression, and neuroendocrine/neuroimmune
biomarkers in women with fibromyalgia syndrome [38].
Inclusion criteria for the women having FM were age (at
least 18 years old); gender (female); receipt of a physician-
confirmed diagnosis of FM based on the 1990 American Col-
lege of Rheumatology criteria [39]; an ability to understand
and sign the consent form; and an ability to understand/
complete the study questionnaires. Exclusion criteria for the
women in the FM pilot group included the presence of other
systemic rheumatologic conditions; being immunocompro-
mised (e.g., diagnosis of HIV/AIDs); receiving corticosteroid
treatments; having a major psychiatric or neurological con-
dition that would interfere with study participation, or being
pregnant. Each of the study subjects completed a self-report
form to provide information regarding age, race/ethnicity,
marital status, length of time since diagnosis of fibromyalgia,
height andweight for calculating bodymass index (BMI), and
lifestyle practices such as history of smoking and alcohol use.

The healthy, comparatively aged control group of women
for the MN studies (𝑛 = 42) were ascertained through their
participation in a study of acquired genetic changes associ-
ated with normal aging, the latter of which is a twin study
[40] (VCU IRB Protocol number 179). The inclusion criteria
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Table 1: MN frequencies and other attributes of women with FM.

Participants
with FM Age Mean number MN

per 1000 binucleates
Years since FM

diagnosis Alcohol use Smoker Body mass index Race

1009 48 32.5 2 Yes No 45.7 Other
1025 52 13.5 3 Yes Yes 19.4 C1

1030 61 71 7 No No 28.3 C
1038 52 66.5 19 No No 35.5 C
1042 45 47.5 14 No No 30.1 AA2

1047 62 77.5 19 Yes No 27.1 C
1052 44 42 1 Yes Yes 30.5 AA
1058 45 27.5 4 No No 27.3 AA
1061 58 66.5 2 Yes Yes 21.1 C
1066 56 69.5 4 Yes Yes 29.0 AA
FM group mean (sd)
(𝑛 = 10) 48.2 (6.7) 52.1 (21.9) 29.52 (7.21)

Control group mean (sd)
(𝑛 = 42)∗ 52.0 (9.8) 15.8 (8.5)
∗Individual data not shown.
1C: Caucasian (white); 2AA: African American (Black).

for this subset of control subjects were gender (female) and
age (range from 36 to 69 years old), with all people from
the previous study who met the criteria being included as
controls for the current study to avoid sampling biases. The
control cohort of women included both cotwin pairs (𝑛 = 30
women or 15 cotwin pairs) and single twins, whose cotwin
did not participate in this normal aging study (𝑛 = 12
women). Due to cost limitations, DNA methylation studies
were limited to a subset (𝑛 = 8) of the control women.
This subset of women was randomly selected and included
8 unrelated females (no cotwins). All of the control women
self-reported their age, race/ethnicity, and lifestyle practices,
such as history of smoking and alcohol use.

2.2. Biological Assays. Following the collection of the blood
specimens from the patient and control women, the cells were
processed to obtain binucleates for the micronuclei studies
and DNA for the methylation studies as described in the
following section.

2.2.1. Micronucleus Assay. Lymphocytes were collected using
Histopaque-1077 (Sigma), stimulated with the mitogen phy-
tohemagglutinin, established in culture, and blocked at
cytokinesis according to the protocol of Fenech [35]. Briefly,
cytochalasin B (3.0 𝜇g/mL; Sigma, 14930-92-2) was added to
the cells 44 hours after culture initiation. At 72 hours, binucle-
ate interphase cells were harvested using standard techniques,
which included a 10-minute incubation in hypotonic solution
(0.075M KCl) and serial fixation (three times using a 3 : 1
methanol : acetic acid solution). Slides were made following
standard procedures. Micronuclei were visualized following
Giemsa staining (4%HarlecoGiemsa solution) and identified
according to the criteria established by Fenech [35] (Figure 1).
The frequencies of micronuclei observed in the cytochalasin-
B-blocked binucleated cells of the women with FM and the

healthy control women were calculated by averaging the
values obtained from two replicate scores (1000 binucleates
were evaluated from two independent areas of the slide) for a
total of 2000 binucleates thatwere evaluated per study partici-
pant.

2.2.2. DNA Isolation and Genome-Wide Methylation Assay.
Genomic DNA was isolated from whole blood according
to standard methods using the Puregene DNA isolation kit
(Qiagen). An aliquot (500 ng per study participant) of DNA
was then sent to Hudson Alpha Institute for Biotechnology
for bisulfite conversion, using standard methods (Zymo
Research EZ Methylation Kit) and genome-wide methyla-
tion pattern assessment, using the 450K HumanMethylation
Chip, according to the manufacturer’s protocol (Illumina).
The 450K HumanMethylation Chip interrogates 485,764
genome-wide targets. Intensity data from the scanned arrays
were imported into Illumina’s GenomeStudio software and
theminfi Bioconductor package in the R programming envi-
ronment to obtain the 𝛽 values for each probe.

2.3. Statistical Analyses

2.3.1. Micronuclei Analyses. To test the hypothesis that
women with FM have an increased frequency of acquired
chromosomal alterations, the frequency of MN was com-
pared between the women diagnosed with FM and the
control group women. Given that a portion of the healthy
controls were cotwins, a mixed effect model was used to
control for familial relationships.MN frequency comparisons
between cases and controls were adjusted for age since several
studies have demonstrated increases in MN frequency with
age [37, 40–42]. The independent effect of age on MN was
evaluated using a Spearman correlation. Additional environ-
mental effects were considered that have previously been
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Figure 1: Increased frequency of micronuclei (MN) in women with FM. (a) A representative cell blocked at the cytokinesis phase of mitosis is
shown. Karyokinesis has been completed, resulting in 2 daughter binucleates having a single MN (arrow). (b) The frequency of MN (𝑦-axis)
showed the expected age-related increase (age on 𝑥-axis) for both controls (Spearman’s rho = 0.579) and patients having FM (Spearman’s
rho = 0.717). The least squares regression line with corresponding 95% confidence interval (grey region) is shown for each group. After
controlling for age effects, the frequencies of MN were found to be significantly higher in the women with FM compared to healthy controls
(𝑃 = 1.49 × 10−11).

shown to influence micronuclei frequencies. These included
body mass index, alcohol use, and smoking in the women
having FM [40]. However, given that values for body mass
index, alcohol use, and smoking were not available for the
controls (in a format comparable to those for cases), these
variables were only assessed for the women with FM.

2.3.2. Genome-WideMethylationAnalyses. Because the 450K
HumanMethylation assay includes both the Infinium I design
(which includes two probes for interrogating a CpG site) and
the Infinium II design (which includes only one probe), the
GC content was plotted separately by Infinium design type
for the fully methylated sample, for which all CpG sites are
expected to have consistently high 𝛽 values [43]. Based on
these results, probes having a GC content greater than 40
were excluded from further analysis to ensure that the results
would not be biased by the “GC” content of the underlying
sequence. In addition, since the performance of probes
containing single nucleotide polymorphisms (SNPs) can be
variable, probes containing SNPs that were present within 10
bases of the target site were also excluded [43]. Because the
expression value, 𝛽, reported for each CpG site represents
“proportion methylated” which is constrained to an interval
value from 0 to 1, where a 𝛽 of 1 indicates complete
methylation and 0 indicates no methylation, the expression
values were transformed using the logit transformation

[𝑀 = log(𝛽/(1 − 𝛽)] to promote normality [44]. Prior to the
logit transformation, imputation was completed (0.001 for
𝛽 values that were 0 and 0.999 for 𝛽 values that were 1) to
avoid nonexistent 𝑀 values. To adjust for the observation
that 𝛽 values from the Infinium II designed probes have a
compressed range compared to the 𝛽 values from the Infini-
um I design [43, 45, 46], the peak-correction method was
applied to the logit transformed 𝛽 values for the Infinium II
designed probes [46].

Statistical analyses were then performed on the peak
corrected logit transformed 𝛽 values from the patient and
control samples. For each CpG site, differential methylation
between specimens collected from women with FM and
controls was tested using the moderated 𝑡-test in the limma
Bioconductor package [51, 52] in the R programming envi-
ronment [53]. To adjust for the multiple hypothesis tests,
the 𝑃 values were used to estimate the false discovery rate
(FDR) following Benjamini and Hochberg’s [54] method.
The DAVID gene functional classification tool [55] was used
to identify biological relationships among the differentially
methylated sites.

3. Results

3.1. Micronucleus Assay. As expected, the frequency of MN
was correlated with age in both the women having FM
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Table 2: Genes associated with sites differentially methylated in patients with fibromyalgia.

Gene name (abbreviation) Description of function1 Location2

AXL receptor tyrosine kinase (AXL) Involved in stimulation of cell proliferation and aggregation; induced
by TGF-𝛽1/inflammation; and can block cytokine production 19: 41731934

N-Acetyltransferase 15 (NAT15) Histone acetyltransferase; mediates acetylation of free histone H4;
also required for normal chromosomal segregation during anaphase 16: 3507460

Solute carrier family 17, member 9
(SLC17A9)

Vesicular nucleotide transporter involved in exocytosis of ATP in
secretory vesicles (synaptic vesicles) 20: 61584072

Brain-derived neurotrophic factor (BDNF)

Involved in the regulation of stress response and in the biology of
mood disorders; major regulator of synaptic transmission and
plasticity at adult synapses in many regions of the CNS; contributes to
several adaptive neuronal responses including long-term potentiation,
long-term depression, certain forms of short-term synaptic plasticity,
and homeostatic regulation of intrinsic neuronal excitability

11: 27740495

Mahogunin ring finger 1, E3 ubiquitin
protein ligase (MGRN1)

Mediates monoubiquitination at multiple sites; plays a role in the
regulation of endosome-to-lysosome trafficking. 16: 4714733

Plasma glutamate carboxypeptidase (PGCP) Involved in hydrolysis of circulating peptides 8: 97657294

Protein kinase C, alpha (PRKCA)
Involved in diverse cell signaling pathways; activated by calcium;
associated with cancer; posttraumatic stress syndrome; emotional
memory formation; and aging

17: 64787379

Gamma-glutamyltransferase 1 (GGT1) Function not clear and may vary; has been associated with arterial
stiffness and coronary artery disease [47] 22: 24989248

Reticulon 1 (RTN1) Involved in secretion or membrane trafficking in neuroendocrine
cells; associated with neurological diseases and cancer 14: 60097209

NFXL1 nuclear transcription factor, X-box
binding-like 1 (NFXL1) Integral to the nucleus and membrane 4: 47917042

Heat shock 70 kDa protein 8 (HSPA8) Member of the heat shock protein family, functions as a chaperone
and facilitates protein folding 11: 122933028

Polymeric immunoglobulin receptor (PIGR) Member of the immunoglobulin superfamily that facilitates
expression of immunoglobulins A and M; regulated by cytokines 1: 207103660

Benzodiazepine receptor (peripheral)
associated protein 1 (BZRAP1) An adaptor molecule known to regulate synaptic transmission [48] 17: 56401800

Transmembrane protein 91 (TMEM91) In vivo function not clearly established 19: 41882253
Neuron-derived orphan receptor 1 (NR4A3) Target of 𝛽-andrenergic signaling in skeletal muscle [49] 9: 102588232
V-set and immunoglobulin domain
containing 10 (VSIG10) In vivo function not clearly established 12: 118541722

Potassium voltage-gated channel subfamily
H member 7 (KCNH7)

Involved in regulating neurotransmitter release, heart rate, insulin
secretion, neuronal excitability, epithelial electrolyte transport,
smooth muscle contraction, and cell volume.

2: 163695111

V-set and transmembrane domain
containing 2A (VSTM2A) In vivo function not clearly established 7: 54609587

Ephrin type-A receptor 2 (EPHA2) Protein-tyrosine kinase family member; implicated in mediating
developmental events, particularly in the nervous system. 1: 16482553

Patched 2 (PTCH2)
A transmembrane receptor of the patched gene family; may function
as a tumor suppressor in the hedgehog signaling pathway; has been
associated with several different types of cancer

1: 45297445

Histone deacetylase 4, (HDAC4)

Responsible for the deacetylation of the core histones; gives tag for
epigenetic repression; plays important role in transcriptional
regulation, cell cycle progression, and developmental events; also
involved in muscle maturation through interaction with the myocyte
enhancer factors

2: 240044021

ADP-ribosylarginine hydrolase (ADPRH) Catalyzes removal of mono-ADP-ribose from arginine residues of
proteins in the ADP-ribosylation cycle. 3: 119299162

Fasciculation and elongation protein zeta 1
(zygin I) (FEZ1)

Involved in normal axonal bundling and elongation within axon
bundles; may also function in axonal outgrowth. 11: 125365478



6 Nursing Research and Practice

Table 2: Continued.

Gene name (abbreviation) Description of function1 Location2

Superoxide dismutase 3, extracellular
(SOD3)

Antioxidant enzyme thought to protect the brain, lungs, and other
tissues from oxidative stress. 4: 24801801

Transcription factor AP-2 alpha 2 (TFAP2A) Transcription factor; activates the transcription of some genes while
inhibiting the transcription of others 6: 10420079

Odz, odd Oz/ten-m homolog 3 (ODZ3) May function as a cellular signal transducer 4: 183370512

Ephrin type A receptor 5 (EPHA5)

Mediates developmental events, particularly in the nervous system;
plays a role in synaptic plasticity in adult brain through regulation of
synaptogenesis; also mediates communication between pancreatic
islet cells to regulate glucose-stimulated insulin secretion

4: 66535145

Suppressor of fused homolog (Drosophila)
(SUFU)

Plays a role in pattern formation and cellular proliferation during
development; encodes a negative regulator of the hedgehog signaling
pathway

10: 104393081

Rh family, C glycoprotein (RHCG) Functions as an electroneutral and bidirectional ammonium
transporter 15: 90039613

DNAJ (Hsp40) homolog, subfamily C,
member 17 (DNAJC17) Heat shock protein homolog 15: 41062113

Autism susceptibility candidate 2 (AUTS2) Function not fully known; deletions of this gene have been associated
with autism and intellectual disability 7: 70158761

Deleted in lymphocytic leukemia, 7
(DLEU7) In vivo function not clearly established 13: 51417846

SH2B adaptor protein 2 (SH2B2)

Involved in multiple signaling pathways; may function as a negative
regulator of cytokine signaling; suppresses PDGF-induced
mitogenesis: may induce cytoskeletal reorganization via interaction
with VAV3

7: 101934892

Alpha-kinase 3 (ALPK3) Recognizes phosphorylation sites (alpha-helical conformation); may
play a role in cardiomyocyte differentiation 15: 85360691

VENT homeobox (VENTX) May function as a transcriptional repressor and influence
mesodermal patterning and hemopoietic stem cell maintenance 10: 135050326

Lymphocyte antigen 6 complex, locus G5C
(LY6G5C)

Located in the major histocompatibility complex (MHC) region on
chromosome 6; may be involved in signal transduction or
hematopoietic cell differentiation

6: 31649619

Primary ciliary dyskinesia protein 1 (PCDP1) May function in ciliary motility 2: 120301847

Protein kinase, cGMP-dependent, type I
(PRKG1)

Involved in signal transduction processes in diverse cell types; plays
role in regulating cardiovascular and neuronal functions and in
relaxing smooth muscle tone, preventing platelet aggregation, and
modulating cell growth

10: 52833610

MAP7 domain containing 2 (MAP7D2) X-linked imprinted gene that may affect sex-specific brain function
and/or sex-dependent neurobiological traits [50] X: 20134719

Carboxypeptidase M (CPM)

Associated with monocyte to macrophage differentiation; may play
role in control of peptide hormone and growth factor activity at the
cell surface and in the membrane-localized degradation of
extracellular proteins

12: 69346994

Growth differentiation factor 1
(GDF1)/LAG1 longevity assurance homolog
1 (LASS1)

Member of TGF-beta superfamily; may function in regulation of cell
growth and differentiation in embryonic and adult tissues and neural
development in later embryogenesis; may be involved in aging

19: 18981378

Ubiquitin-like, containing PHD and RING
finger domains, 1 (UHRF1)

Recruits a histone deacetylase to regulate gene expression; involved in
G1/S transition and functions in the p53-dependent DNA damage
checkpoint

19: 4916593

Anoctamin 3 (AN03) May act as a calcium-activated chloride channel 11: 26353723

Homeobox protein Hox-A7 (HOXA7) DNA-binding transcription factor that may regulate gene expression,
morphogenesis, and differentiation 7: 27196790

Transmembrane protein 44 (TMEM44) Enriched in the bottom portion of taste buds 3: 194353554



Nursing Research and Practice 7

Table 2: Continued.

Gene name (abbreviation) Description of function1 Location2

Potassium voltage-gated channel, KQT-like
subfamily, member 1 (KCNQ1)

Voltage-gated potassium channel required for repolarization phase of
the cardiac action potential; mutations associated with hereditary
long QT syndrome 1, the Jervell and Lange-Nielsen syndrome, and
familial atrial fibrillation; exhibits tissue-specific imprinting; located
in a region associated with the Beckwith-Wiedemann syndrome

11: 2554583

Polymerase I and transcript release factor 1
(PTRF)

Regulates rRNA transcription; thought to modify
lipid metabolism and insulin-regulated gene expression 17: 40558063

1Functional descriptions obtained from Gene Cards and/or Wikipedia summations and indicated references.
2Chromosome: starting nucleotide position.

Table 3: Cluster analysis of genes having significantly different methylation patterns in women with FM.

Genetic ontology/keyword term No. of Genes 𝑃 value
Anatomical structure development 17 0.0002
System development 16 0.0003
Developmental process 18 0.0008
Multicellular organismal development 17 0.0009
Polymorphism 41 0.0011
Sequence variant 42 0.0012
Domain: fibronectin type III 1, 2 4 0.0045
Glycosylation site 20 0.0047
Neuron differentiation 6 0.0048
Nervous system development 9 0.0053
Protein metabolic process 15 0.0067
Autophosphorylation 3 0.0069
Glycoprotein 20 0.0073
Skeletal system development 5 0.0085
Organ development 11 0.0097

(𝑟 = 0.717; 𝑃 = 0.021) and the healthy controls (𝑟 = 0.579;
𝑃 = 4.79 × 10

−5) (Figure 1). After controlling for the effect
of age and cotwin status, a significantly increased frequency
of MN was observed in the women having FM (51.4 (21.9)
(mean (sd)) per 1000 binucleates) compared to controls (15.8
(8.5) (mean (sd)) per 1000 binucleates) (𝜒2 = 45.6; df = 1;
𝑃 = 1.49 × 10

−11) (Figure 1). The increased levels of MN in
the women having FM were not significantly correlated with
their body mass index (range from 19.44 to 45.70; mean (sd)
was 29.52 (7.21); 𝑃 = 0.997), smoking history (4 smokers;
6 nonsmokers; 𝑃 = 0.75), or alcohol use (6 consumers;
4 nonconsumers; 𝑃 = 0.93). To assess if there might be
a cumulative biological effect associated with experiencing
symptoms associatedwith FM,we comparedMN frequencies
for the case subjects (𝑛 = 10) with the total number of years
that had lapsed since these women received their diagnosis
of FM. While there was a trend toward a positive correlation
between a woman’s MN frequency and the number of years
since she was diagnosed with FM (ranged from 2 to 19 years),
this relationship did not reach significance in this small pilot
study (𝑃 = 0.134) (Table 1).

3.2. Genome-Wide Methylation Assay. After completion of
the quality control assessments that were performed to

remove any potential biases associated with probe sequence
length, probe GC content, and inclusion of SNPs [56], a total
of 381,989 CpG sites were retained. From these, a total of 69
sites were determined to be differentially methylated (DM)
between the patients who have FM and the healthy controls,
with 63 of these DM sites having higher values in the patients
with FM and 6 having lower values (Figure 2). These 69 DM
sites included CpG islands (46.4%); north shores (20.3%);
south shores (8.7%); as well as north (4.3%) and south (1.4%)
shelves and sites that were not annotated into the previously
noted categories (18.8%). The DM sites were localized to
47 different genes (Table 2), with 3 genes having multiple
sites identified (N-acetyltransferase 15 gene (NAT15) had 4
DM sites; DNAJ (Hsp40) homolog, subfamily C, member 17
(DNAJC17) had 2 DM sites; and SLC17A9 and 2 DM sites).
An assessment of potential biologically related clusters of
DM sites resulted in the recognition of 15 groups, including
gene clusters involved in neuron differentiation and nervous
system development (Table 3).

4. Discussion

While the sample size in this pilot study is small, the MN
frequency patterns of both the case and control women
showed an age-related increase, which is a finding that is in
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Figure 2: Sites having significantly different methylation patterns in women with FM compared to healthy controls. (a) A heatmap shows the
69 DM sites detected in the study. The women who have FM (F) are grouped on the left of the figure, with controls (C) being grouped on the
right. Each row (CpG site) is scaled to represent methylation where lower levels are represented in green while higher levels are represented
in red.Themajority of significant differences resulted fromwomen with FM (upper left red cluster) having higher levels compared to controls
(upper cluster), with a smaller cluster (lower left green) showing lower methylation levels in the cases with FM compared to healthy controls.
(b) Pie charts showing the percentage of DM sites according to their relationship to CpG islands. Nearly half (46.4%) of the sites that were
significantly different between the women with FM compared to controls were localized to CpG islands (top pie chart), whereas CpG islands
account for only about one third (31%) of the sites interrogated on the 450K HumanMethylation array (bottom pie chart). The proportion
of DM sites localized to shores that were recognized in this study (29%) closely paralleled the proportion of sites localized to shores that are
interrogated in the array (23%). Sites associated with a location distant to CpG islands accounted for 24.5% of the DM sites identified in this
study but accounted for 46% of the total sites interrogated on the array.

agreement with the age-related increase that has consistently
been reported in larger studies [40, 41]. Interestingly, the
mean frequency of MN in the women with FM was 3.26-
fold higher than the level seen in the healthy controls. In
comparison, patients who have cancer have been noted
to have 1.37- to 3.13-fold higher frequencies of MN when
compared to healthy controls [57, 58]. Given that the risk for
cancer has been shown to be predicted by MN levels [37, 41,
58], the results of this preliminary data, if confirmed, suggest
that MN frequency assessments may be useful for evaluat-
ing/diagnosing women with FM. Indeed, recent assessments
of MN frequencies in people evaluated from various areas of
biobehavioral science have shown increased levels of acquired
chromosomal instability (assessed using MN frequencies) in
adult women who experienced childhood sexual abuse [32];
patients who have neurodegenerative conditions, such as
Alzheimer’s disease and Parkinson’s disease [59]; and adults
with type 2 diabetes and cardiovascular disease [60]. The

presence of acquired chromosomal instability, which could
lead to somatic tissue mosaicism, has been conjectured to
occur as a global biological process that affects many tissues
and contributes to the development of several conditions,
including (but not limited to) autism, schizophrenia, autoim-
mune diseases, and Alzheimer’s disease [61]. Given that
several of these conditions are age related, one could speculate
that there may be a “threshold” level of chromosomal insta-
bility required for eliciting a biological consequence. Factors
contributing to MN formation are multifold and include
both genetic [40] and environmental influences [37, 40, 41].
Environmental exposures that have been shown to increase
the frequency of MN include, but are not limited to, diet
(especially folate deficiency) [41, 62, 63], hormone levels
[64], and exposures to substances/occupational hazards [37].
The biological means whereby these genetic/environmental
influences lead to acquired chromosomal instability are likely
to be varied but have been noted to reflect the chromatin
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conformation of the chromosomes [65]. One can speculate
that alterations in chromatin conformation, which are likely
to arise (at least in part) from epigenetic changes, may com-
promise the ability of the chromosomes to align, attach to
mitotic spindle fibers, and/or separate, thereby leading to
their increased frequency of abnormalities [66]. In turn, the
presence of acquired chromosomal abnormalities could lead
to additional epigenetic alterations.

While limited in number, studies performed to assess
the effect of methylation on chromosome segregation have
consistently shown an increase in the frequency of cytogenic
abnormalities associated with perturbations in the methyla-
tion status of chromosomes [67]. In this study, it is interesting
to note that DM sites were identified for genes having a
function related to chromatin compaction and/or segregation
(NAT15; HDAC4; UHRF1). For example, DM sites were
observed for the NAT15 gene, which is a gene that has been
identified to play an important role in normal chromosomal
segregation during anaphase [68]. While the results of the
genome-wide methylation patterns evaluated in this study
are preliminary, it is exciting to note that several of the sites
that were DM between the women with FM and controls
were localized to genes that have functional relevance to the
symptoms seen in patients with FM. Of particular interest
was the observation of a significant difference in the methy-
lation pattern of the BDNF gene between patients with FM
and controls. The BDNF gene has been noted to play an
important neuromodulatory role in pain transduction (elic-
iting hyperalgesia) [69–71] and has also been recognized as a
contributor to learning and memory [72, 73]. A second gene
of apparent relevance with which a DM site was associated
was the protein kinase C, alpha gene (PRKCA) (Table 3).This
gene, which is involved in cell signaling pathways, has been
associated with emotional memory formation, posttraumatic
stress syndrome, cancer, and aging. A third gene of particular
interest that had a DM site is Reticulon 1 (RTN1). RTN1 has
been associated with neurological diseases (and cancer) and
is thought to influence membrane trafficking in neuroen-
docrine cells. Overall, genes with which DM sites were asso-
ciated include (but are not limited to) those having functions
in chromatin compaction (NAT15; HDAC4; UHRF1); DNA
damage/repair or chromosomal segregation (SOD3; UHRF1;
NAT15);muscle contraction (NR4A3;HDAC4; FEZ1; PRKG1;
KCNH7); axonal bundling/outgrowth (FEZ1); cell signaling
in muscle (NR4A3; PRKG1); neuronal excitability/synaptic
transmission (BDNF; BZRAP1; EPHA5; KCNH7); muscle
maturation (HDAC4); response to oxidative stress (SOD3);
and inflammatory processes (AXL; SH2B2). However, since
two of the significant biological clusters that were identified
(Table 3) were for polymorphisms and sequence variants, it
is important to recognize that this is a pilot study and that
a larger number of individuals will need to be evaluated
to allow one to determine the extent, if consistently present, of
DM on the development or severity of symptoms associated
with FM.

The results of genome-wide methylation studies have
provided insight regarding the role of genes and environ-
mental influences for a variety of conditions, with many of
these investigations focusing on the areas of cancer and

psychiatric conditions [74, 75]. However, the epigenomes
of diseases causing chronic pain have been less extensively
evaluated. In their study of rheumatoid arthritis, Nakano
et al. [76] observed several DM sites between patients who
have rheumatoid arthritis and controls. They also identified
distinct epigenomic signatures when comparing patterns
from patients with rheumatoid arthritis and osteoarthritis.
Akin to the results of this pilot study, the findings of their
investigation led to the recognition of perturbations in the
methylation status of several genes having functions related
to the symptoms associated with rheumatoid arthritis. Thus,
the use of genome-wide epigenetic assessment seems to be a
promising tool for evaluating a broad spectrumof conditions,
including those associated with chronic pain.

5. Conclusion

In summary, the results of this pilot study suggest that
chromosomal instability and alterations in methylation are
present in women with FM. If these results can be confirmed,
they could provide a basis for improving our understanding
of the biological changes leading to the development of FM
and may provide a basis for stratifying patients based on
their epigenomic and symptompatterns.Moreover, since epi-
genetic changes demonstrate plasticity [77], the recogni-
tion of consistent epigenetic alterations associated with FM
could provide a means for developing future therapeutic
approaches to reverse these changes, with a goal of alleviating
symptoms in people who have FM.
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Epigenetics is the study of alterations in the function of genes that do not involve changes in the DNA sequence. Within the
critical care literature, it is a relatively new and exciting avenue of research in describing pathology, clinical course, and developing
targeted therapies to improve outcomes. In this paper, we highlight current research relative to critical care that is focusedwithin the
major epigenetic mechanisms of DNAmethylation, histonemodification, microRNA regulation, and composite epigenetic scoring.
Within this emerging body of research it is quite clear that the novel therapies of the future will require clinicians to understand
and navigate an even more complex and multivariate relationship between genetic, epigenetic, and biochemical mechanisms in
conjunction with clinical presentation and course in order to significantly improve outcomes within the acute and critically ill
population.

1. Introduction

Critical care practice is beginning to look toward more
specific cellular, biochemical, and genetic interventions in
order to make a significant impact on patient outcomes. In
addition to the extensive cellular, biochemical, and genetic
body of research in process today, the science of epigenetics
has become a more frequent focus within the critical care
literature over the past 5+ years.

Though epigenetics may appear to be relatively new to us
in the critical care discipline, it has actually been studied for
over 70 years and was first described by ConradWaddington
in 1942 as “the branch of biology which studies the casual
interactions between genes and their products, which bring
the phenotype into being” [1, 2]. In simpler terms, epigenetics
is the study of changes in the function of genes that do
not involve changes in the DNA sequence. It is the study of
how the same sequence of DNA can produce significantly
different phenotypes as a result of differing biochemical
changes that alter gene availability for protein production
[1, 3]. What makes this even more fascinating than a nature
versus nurture discussion is that there are a small number of
known genes inwhich specific biochemicalmodifications can
impact the phenotype of offspring and are thus inheritable
yet do not alter base pair sequencing of DNA. This is termed
DNA imprinting [3]. A classic example of this is seen on

chromosome 15 in Angelman and Prader-Willi syndromes
where DNA methylation is involved in genomic imprinting
of parental germ line cells, impacting the phenotype of the
offspring depending upon whether the affected chromosome
is paternal or maternal in origin [4–6]. Children with Prader-
Willi syndrome inherit an affected paternal chromosome 15,
resulting in short stature, poor muscle tone, and hypogo-
nadism;many of these children also have learning disabilities.
Children who inherit an affected maternal chromosome 15
may develop Angelman syndrome, which is associated with
developmental delays, ataxia; they alsomay have epilepsy and
microcephaly.

Of even more importance to critical care, epigenetic
changes of somatic cells can be propagated to progeny of
those cells within an individual, impacting phenotypic ex-
pression during the course of critical illness. For example,
epigenetic changes altering the effectiveness of immune cells
to respond to pathogens could persist in new immune cells
which inherited the epigenetic changes. These prior epige-
netic changes could thus have a direct effect on an individual’s
ability to respond to sepsis in the future.

Interest in critical care has focused on DNA methyla-
tion, histone modification, and microRNA (miRNA). These
epigenetic mechanisms can result in increased or decreased
gene products. Decreased gene expression may result from
downregulation of genes (the transcription of RNA from
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specific gene sequences is inhibited or arrested). Increased
gene expression may result from upregulation of genes
(increased transcription of RNA from targeted genes). How-
ever, for genes which provide a messenger RNA (mRNA)
template for protein production, additional factors can influ-
ence the amount of protein produced from mRNA; for
example, how often each mRNA is used for transcription and
how quickly themRNA is degraded can influence the amount
of protein produced. More specifically, DNA methylation (as
the result of enzymes known as DNA methylases) is the
attachment of methyl groups (CH

3
) to cytosine bases within

a DNA sequence; demethylation is removal of these methyl
groups. As the quantity and pattern of DNA methylation
increases, gene transcription into messenger RNA (mRNA)
decreases; demethylation can increase gene transcription.
Thus, DNA methylation represses expression of the affected
genes. Methylation patterns in DNA can be transmitted to
daughter cells during mitosis or transmitted to offspring as
a result of meiosis [1, 7, 8].

Furthermore, since DNA is an extremely long molecule,
it must be coiled and folded in order to fit into a nucleus
(Figure 1). Histones are the nuclear proteins that direct the
winding and coiling of DNA into nucleosomes and then
chromatin. Histone proteins have extremely long tails which
are susceptible to methylation, acetylation, ubiquitination,
phosphorylation, and so forth at multiple locations [7].
When histone tails are modified (histone modification), they
alter the way in which DNA will coil around a histone
octamer (four histones with DNA coiled around them to
form a nucleosome). The nucleosomes continue to fold and
coil into chromatin, and multiple chromatin coils create
a chromosome. In addition to gene sequence availability
being limited by DNA methylation, how tightly chromatin is
condensed will also impact the availability of gene sequences
to interact with transcription proteins in order for mRNA to
be transcribed and then translated into proteins [8, 9].

Epigenetic regulation can also occur through microR-
NAs (miRNAs). These small noncoding RNAs can act as
regulatory elements in both transcription and translation.
Noncoding RNAs are also involved in modifying phenotype
through variousmechanisms, such as posttranscriptional and
transcriptional interference pathways, in which they may
alter chromatin and/orDNAmethylation processes to further
stabilize gene silencing [1]. Roles for miRNAs in central
nervous system injury and in acute lung injury have been
postulated, although experimental evidence in critical care
subjects is lacking.

The extent of DNA methylation, histone modification,
and microRNA activity may impact the function of genes
without any alterations in the DNA sequence. These epige-
netic mechanisms can have direct phenotypic implications.
Several intriguing examples have recently been highlighted
in critical care and are discussed below.

2. Epigenetics in Critical Care

When gene expression is altered, the potential for significant
phenotypical alterations to pathology, disease progression,

and short- and long-term outcomes exists. Within critical
care, research regarding the influence of genetics is in its
early stages, and investigators are just beginning to look
toward the science of epigenetics for explanations for patient
and population differences in susceptibility to illness, clinical
course, and outcomes. In the following sections, specific
examples of epigenetic research focused on critical illness are
provided.

2.1. Methylation of DNA. Epigenetic regulation, in which
gene expression is altered and may significantly impact crit-
ical illness outcomes, can occur through direct methylation
of DNA cytosine bases resulting in downregulation of genes.
Alternatively, demethylation might upregulate expression of
genes. An example of downregulation through methylation
in acute illness has been associated with the pathological
processes associated with acute kidney injury (AKI) [11].

AKI is a common complication in critical care patients,
with an incidence greater than 5–10%, contributing to an
increase in morbidity and mortality. Previous animal studies
have suggested that altered expression of the KLK1 gene,
which results in the transcription/translation of the serine
protease kallikrein, may be related to AKI. Kallikrein is
involved in the biochemical reaction in the kidney to produce
kallidin, which pharmaceutically appears to have vasodilator
and natriuretic properties in animals. Additionally, increased
concentrations of kallikrein have been shown to be protective
in animals, diminishing renal cell death by apoptosis and
inflammation [11].

Kang and colleagues [11] prospectively compared hospi-
talized patients with established or incipient (early) AKI from
ischemia, nephrotoxins, sepsis, and other causes to healthy
nonhospitalized and ICU patient controls. In particular they
were looking for the increased methylation of the promoter
region of the KLK1 gene. The promoter region of a gene
is a DNA sequence where the enzyme RNA polymerase
binds to start mRNA transcription from the gene; the degree
and pattern of methylation of promoters can regulate gene
expression. Kang and colleagues hypothesized that gene
silencing by methylation of the KLK1 gene promoter and
thus the subsequent decrease of urine kallikrein may be
associated with established AKI. Contrary to their expected
findings, they found that established AKI patients, compared
to controls, had significantly greater DNA methylation of
KLK1 as expected but also had significantly higher levels of
urine excreted kallikrein, which was not expected. Interest-
ingly, the establishedAKI patients also had significantly lower
average systolic blood pressure, increased heart rate, and
increased epinephrine concentrations. Epinephrine is known
to increase kallikrein concentrations in the urine, most likely
as part of the systemic regulation of hemodynamic instability
in acute illness.

Two significant contributions to the state of epigenetic
science in acute illness can be derived from the work of Kang
et al. [11]. First, it further advances our understanding of how
epigenetic modification may be trumped by other regulatory
mechanisms. Second, this study provides an expanded per-
spective of the complexity of system regulation, highlighting
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Epigenomic marks. the epigenome can mark DNA in two ways, both of which play a role in turning genes off or on. The first occurs when certain
chemical tags called methyl groups attach to the backbone of a DNA molecule. The second occurs when a variety of chemical tags attach to the
tails of histones, which are spool-like proteins that package DNA neatly into chromosomes. This action affects how tightly DNA is wound around
the histones.

Figure 1: Epigenetics marks (courtesy: National Human Genome Research Institute) [10]. This figure is obtained from http://www.genome
.gov/27532724.

the fact that even at the genetic level focusing on a single
targeted therapy solutionmay need to give way to other more
novel therapeutic approaches.

2.2. Histone Modification. Another type of epigenetic mech-
anism, histone acetylation, is now a potential therapeutic
target in critical illness. As previously discussed, DNA is
more or less accessible for transcription depending upon how
it is wound around histones in the nucleus. Acetylation of
histones occurs when acetyl groups are added to specific
amino acids (lysines) comprising the histones. Acetylation
of histones changes the availability of the DNA in that
area to transcription. Inhibitors of histone acetylation have
been examined in animal models of hemorrhagic shock and
LPS-induced sepsis; inhibiting histone acetylation reduces
immune responsiveness during the acute episode, and has
been associated with better outcomes [7]. Caution is war-
ranted because not all cells respond similarly to pharmaco-
logic agents targeted to histone modification, and acetylation
inhibitors affect cellular proteins in addition to histones.
Effects on nonhistone proteins may be positive, negative, or
neutral.

Although histone modifiers are currently being explored
as therapeutic agents, there is additional reason for caution
because of emerging evidence about the sequella of histone
modifications on immunity following sepsis. Patients who
survive sepsis have profound and long lasting immuno-
suppression which can impede appropriate response to
pathogens; 5- and 8-year survival is shorter compared to age-
matched people who have not had severe sepsis. Evidence
is accumulating that this consequence of critical illness is
associated with epigenetic changes in immune cells. In a
recent review of epigenetic mechanisms after sepsis, Carson
IV and colleagues [7] provided several possible examples.
Direct suppression of proinflammatory activity by epigenetic
mechanisms has been hypothesized as cause for lipopolysac-
charide (LPS, a major component of Gram-negative bacterial
cell walls) tolerance. For example, in macrophages exposed
to LPS (either in the laboratory or in a patient experiencing
sepsis), an initial brisk proinflammatory response is followed
by histone modifications to promoter regions of interleukin I
beta and tumor necrosis factor alpha; these histonemodifica-
tions reduce subsequent macrophage response to LPS result-
ing in immunosuppression. This has been demonstrated
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in animal models as well as in monocytes sampled from
critically ill patients.

2.3. MicroRNA. MiRNA is highly expressed in central ner-
vous system tissues, and research suggests that they play a role
in neurodevelopment and neural plasticity [12]. Temporal
alterations in expression of miRNAs localized at areas of
central nervous system injury have been demonstrated in
rodent models of spinal cord injury, traumatic brain injury,
and brain ischemia [13, 14], although studies examining
miRNA in human trauma victims have not yet been reported.
Likely targets of these miRNAs have been identified by
computational analysis and computer modeling based on
sequence homology and include genes involved in inflamma-
tion and in neural signaling as well as other genes previously
identified as important in response to specific central nervous
system injuries. Madathil and colleagues [13] propose that in
the response to acute CNS injury, some miRNAs might have
a neuroprotective effect while others might have a neurotoxic
effect. Thus, the epigenetic regulation mediated by miRNAs
in the CNS is complex, and the effects in patients with CNS
trauma or cerebrovascular accident will likely be difficult to
be definitively determined.

MiRNAs contribute to differentiation and regulation of
the immune system and have been implicated in chronic pul-
monary diseaseswith an inflammatory component, including
asthma, chronic obstructive pulmonary disease, and cystic
fibrosis [15]. There has been recent speculation that miRNAs
might also be involved in acute lung injury (ALI), including
acute respiratory distress syndrome (ARDS, the most severe
manifestation of ALI). Rodent models of ALI/ARDS, which
initiate acute injury by administration of LPS, have provided
some support for the involvement of miRNAs in the patho-
genesis of ALI, but human data are not available.

Better understanding of the positive and negative effects
ofmiRNAs on the course of critical illness would be beneficial
in at least two ways. First, it would help to elucidate mecha-
nisms underlying pathogenesis and protective response; this
could identify potential targets for pharmacotherapeutic or
nonpharmacotherapeutic interventions. Second, in the future
miRNAs could themselves be targets for intervention, with
a goal of enhancing regulatory effects related to protective
responses and suppressing regulatory effects associated with
pathogenesis.

2.4. Composite Scoring and Outcome Prediction. Warren and
colleagues [16] investigated whether epigenetic data could
improve on standard severity of illness scoring in trauma
patients. Both Acute Physiology, Age, and Chronic Health
Evaluation (APACHE) and Injury Severity Score (ISS) are
well-validated tools which are widely used in clinical practice
to score severity of illness [17, 18]. Building on the idea
that gene expression changes early in trauma and critical
illness might be prognostic of events occurring later in the
hospital course, gene expression data could provide a snap-
shot predictive of likely outcome. In order to examine this
concept, Warren and colleagues first developed a reference
gene expression profile from the leukocytes of 10 healthy
adults to calculate a reference score for each of 54,000 plus

gene probe sets. Genomic response on the same gene probe
sets of critically ill adult subjects within the first 12 hours
of blunt trauma was compared to the healthy reference
values by calculating difference from reference for each gene
and then summing the differences, resulting in a difference
from reference (DFR) score for each subject. They found
that DFR scores, calculated early in the course of trauma,
were positively associated with important clinical outcomes
such as time on ventilator and length of stay. Since Warren
and colleagues examined a single time point 12 hours after
trauma, this study does not provide information about the
magnitude of genetic expression changes over time nor when
the optimal time to measure might be.

A second group of investigators [19] refined this approach
by retrospectively identifying 63 genes whose expression
varied in trauma subjects over the course of 28 days of
hospitalization andwere significantly different between those
with complicated and uncomplicated recovery. Of the 63
genes, two-thirds were related to protective immunity and a
majority of those affected adaptive immunity.They found that
a newly developed commercial multiplex system to rapidly
quantify RNA (NanoString DFR, nanoString Technologies,
Seattle, WA) was a better predictor of complicated out-
come (versus intermediate or uncomplicated outcome) than
standard microarrays, APACHE, or ISS score. Cuenca and
colleagues [19] noted that current technologies are limited by
the time required for processing samples; additional research
into rapid technologieswill be necessary.They further suggest
that their data support a role for therapeutic agents that target
adaptive immunity and gene expression data as indicators of
likely response to biological response modifiers.

Interestingly, temporal gene expression patterns in den-
dritic cells of 10 patients over the first four days following
trauma identified upregulation of genes involved in antigen
presentation [20]. However, the gene expression in dendritic
cells was not associated with severity of illness scores. The
differential expression of genes between subsets of cells (such
as leukocytes and dendritic cells) and temporal changes
in expression within a cell subset complicates the ability
to develop predictive epigenetic measures of severity and
outcomes. Analogous to the “left shift” in a white blood cell
differential count, it may be essential to examine multiple
genetics expression profiles from multiple cell types simul-
taneously to fully understand response. Important predictive
patterns may emerge from such an approach, although
technical considerations preclude this approach in the clinical
setting at present.

Stratification by genetic risk profile could inform when
to initiate targeted therapy, who is most likely to benefit, and
whether patients are responding to prescribed therapies.This
information will be most useful if it can be assessed early in
the course of critical illness. However, the specific epigenetic
mechanisms underlying the changes in gene expression were
not elucidated in the above studies [16, 19, 20].

3. Conclusion
Thestate of the science in understanding the role of epigenetic
regulation as it relates to the pathology of critical illness,
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clinical course, and outcomes is evolving rapidly yet still well
within its infancy. Available research exists primarily within
the lab, animal, and preclinical realm and thus has yet to
be translated to the direct care of the critically ill person.
Epigenetic tools and methodologies continue to evolve and
improve, bringing the possibility of real time data to the point
of care for therapeutic intervention closer to reality. Better
identification and understanding of the role of epigenetic
modifications that are associated with the complex regulatory
and disregulatory processes of the disease state is essential
and it is apparent that our approach to therapeutically target
epigenetic modifications to improve outcomes may only be a
single component of even more complex novel therapies to
come.
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Because the effects of epigenetic (gene-environment interaction) changes have been associatedwith numerous adverse health states,
the study of epigenetic measures provides exciting research opportunities for biobehavioral scientists. However, recruitment for
studies focusing on any aspect of genetics poses challenges. Multiple factors, including lack of knowledge regarding a research
study, have been identified as barriers to recruitment. Strengthening the informed consent process through extended discussion
has been found to be effective in recruiting for research studies in general, yet there is a paucity of information that focused on such
a recruitment strategy for epigenetic studies. In this paper, we share our experiences with strategies to strengthen the informed
consent process aswell as provide samples ofmaterials developed to heighten potential participants’ understanding of epigenetics, in
4 epigenetic research studieswithwomen fromdiverse backgrounds experiencing a range of health issues.The combined enrollment
success rate for epigenetic studies using the process was 89% with participants representing a diverse population. We posit that
carefully developed recruitment scripts provided a foundation for improving potential participants’ understanding of the research
project. Easy to understand illustrations of the epigenetic process provided a basis for active engagement and encouraged individual
questions.

1. Introduction

Recruitment, the process of identifying and enrolling eligible
participants in a research study, is a fundamental component
of all clinical research endeavors [1, 2]. While there are
published reports identifying strategies to identify potential
research participants for research studies in general [3–10],
the published literature focusing on recruiting specifically for
genetic research in the USA is limited [11–16], and there is
a paucity of studies specific to recruitment and enrollment
strategies in epigenetic research.

This gap in the literature poses a significant problemgiven
the importance of epigenetic research. In the past few years,
our understanding of the causal factors leading to complex
diseases has expanded to include not only the recognition
of causal factors due to an individual’s DNA sequence
(including polymorphisms), but also the identification of
epigenetic changes that result from environmental/social

experiences (referred to as gene—environment interactions).
This paradigm shift has resulted from a better understanding
of epigenetic factors that are involved in human health and
illness [17]. Epigenetics is the study of the changes in gene
expression, themitotic inheritance of patterns of gene expres-
sion, and nuclear inheritance which is not based on changes
in DNA sequence [18]. These additions to the understanding
of the genomic revolution have demonstrated the importance
of studying the influence of the environment on (epi) genetic
mechanisms [19]. Epigenetic changes can switch genes on
or off and determine which proteins are transcribed [17].
Environmental factors, in the context of both the external
and internallymodulated environment, such as behavior pat-
terns, nutrition, stress, and toxins/pollution, can influence
gene expression [19, 20]. The deleterious effects of these
epigenetic changes have been associated with diverse condi-
tions including but not limited to, accelerated aging, heart
disease, diabetes, obesity, cancer, and mental disorders [21].
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Therefore, for biobehavioral scientists, the study of epige-
netic measures provides exciting opportunities to identify
meaningful relationships among potentially modifiable envi-
ronmental and life-style variables, with the potential for
the future development of targeted interventions to improve
health outcomes.

Epigenetic measures, such as DNA methylation and
histone modification, have only recently been incorporated
into human clinical research. While there are many poten-
tially important reasons for examining these measures in
clinical studies, the process of explaining these concepts and
measures to potential study participants is compounded not
only by the complexity of the concepts but also the shift in the
understanding of genetics from a “gene-centric” view of the
former genetic paradigm [22] to the “phenotypic plasticity” of
a given genotype to produce different phenotypes in response
to different environments [23].

Although there are still many unknowns in the inte-
gration of epigenetic measures into clinical research, future
knowledge development depends on beginning to include
these measures in research studies. In human research,
recruiting potentially eligible research participants is one
of the key challenges. However, recruiting and enrolling
eligible participants for research focusing on any aspect of
genetics pose particular challenges. Multiple factors have
been identified that can adversely affect the rate of participant
accrual into clinical research. For example, mistrust, health
status, language, literacy, and lack of knowledge regarding
a research study have been identified as barriers to recruit-
ment [5]. These barriers may be even more magnified in
low income, minority, or otherwise vulnerable populations
resulting in further difficulties to include diverse participants
[24]. Consequently, investigators conducting research of a
genetic nature may experience even more challenges than
other fields regarding the underrepresentation of vulnerable
and/or minority populations [25, 26].

One avenue for decreasing potential barriers and improv-
ing recruitment is to strengthen the informed consent
process. This could be accomplished by considering the
cultural and contextual issues that surround the potential
participant’s reactions to informed consent, the comprehen-
sion of information delivered during the process, and the
ability of researchers to address these issues [27]. There is
evidence to suggest that such a strategy is potentially effective
when recruiting for research studies in general [28], yet
there is a paucity of published literature that focused on
such a recruitment strategy for epigenetic studies. Obtaining
informed consent is an essential process by which potential
study participants are presentedwith the opportunity tomake
informed decisions about their participation in research [27].
An informed consent document should always include an
explanation of the study, a description of risks, benefits,
and confidentiality, methods to contact the investigators in
the event of adverse events or questions, a statement that
participation in the study is voluntary, and procedures for
withdrawing from the study [29, 30].However, this document
alone does not typically allow for interested individuals to
share their thoughts, feelings, or concerns about participating
in the study. In addition, the Declaration of Helsinki suggests

that thewell-being of study participants should be the priority
of the researcher, thus it is important to ensure that potential
participants are comfortable talking with researchers about
any concerns [31]. It is prudent to view informed consent as
having two components: (1) the written information shared
and signed by all participants and (2) the process by which
the research team provides the information and answers
questions [32].

Often the focus of informed consent may be on the
actual signing of the consent document rather than on
the interaction between the researcher and participant to
ensure that communication and understanding have been
achieved [27]. This focus seems ill-advised, as standard
consent forms with their technical language, multiple sec-
tions, and length can impede a participant’s understanding
[33, 34] which, in turn, may undermine the recruitment
and retention of participants [35]. While limited, there is
evidence to suggest that additional information provided to
potential participants outside the formal consent document
may increase their knowledge and have a positive effect
on participant recruitments for several types of studies,
including clinical trials involving patients with advanced
cancer [36]: African American outpatients [37], pregnant
women [38], and women being screened or treated for breast
cancer [39]. These results provide support for the premise
that strengthening the informed consent process, through an
increased understanding of information, may be a potential
avenue for improving unbiased recruitment [27].

In this paper, we share our experiences with strategies to
strengthen the informed consent process as well as provide
samples of materials developed to heighten potential partici-
pants’ understanding of epigenetics, in 4 epigenetic research
studies with women from diverse backgrounds experiencing
a range of health issues. As nurse scientists at the Vir-
ginia Commonwealth University School of Nursing, we are
investigating relationships between epigenetic changes and
psychobiologic symptommeasures inwomen of varying ages,
ethnicity/race as well as health status, andwe have recognized
the potential benefit of strengthening the informed consent
process.

Aim. This paper is a process evaluation of the extended
discussion strategy the authors developed and implemented
to enhance recruitment enrollment in 4 separate research
studies. Therefore, the aim of this paper is to (1) describe the
development and implementation of an expanded informed
consent process; (2) provide samples of the recruitmentmate-
rials developed to heighten potential participants’ under-
standing of epigenetics; and (3) report the overall enrollment
rate in the 4 studies using this process.

2. Materials and Method

2.1. Design. After reviewing the literature to identify which
strategies may be most effective in improving potential par-
ticipant’s understanding of the research study, we concluded
that a successful consent process is likely to require one-to-
one interactionwith someone knowledgeable about the study
[28, 40]. Extended discussion between the research team
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and potential study participants has resulted in statistically
significant increases in participants’ understanding [41–43].
For example, patients having cancer who received a standard
informed consent procedure supplemented with a telephone-
based informational contact session by a nurse were found
to be significantly more informed about a research study
compared to those receiving standard informed consent
procedures from the treating physician [41]. Similarly, in
a study among poor, urban potential research participants,
comprehension of the consent form increased following
extended discussionwith a counselor beforemeetingwith the
study investigator [43]. Also, cardiac patients demonstrated
an increase in understanding with repeated education about
the research protocol [42]. In addition, discussions with the
research team to review the research and informed consent
document were found to be preferred in 97% of low-income
andminority women compared to reading it themselves [44].
Taken in total, these studies provide evidence to suggest
that extended person-to-person interactions and discussions
enhance participant understanding. However, no similar
strategy has been used nor evaluated in epigenetic research,
a topic of increased interest to many researchers. To address
this gap, the authors developed and implemented research
materials designed to heighten eligible participants’ under-
standing of epigenetics to strengthen the informed consent
process.

Several other factors were considered in the development
of the recruitment materials. We acknowledged that the
language of epigenetics might be difficult for the layperson
to understand. Words used in epigenetic research, such
as epigenetics, telomeres, and DNA methylation, are most
likely unfamiliar to potential study participants and may
be confused with genetic research. To meet this challenge,
we developed a basic recruitment script that strived to use
“plain language” or “plain English” that is straightforward and
easy to understand [45]. It would come as no surprise that
information delivered in plain language appeals to patients
[46] and is related to increased satisfaction and decreased
anxiety with the informed consent process [18]. In addition,
we employed metaphors to clarify potentially unfamiliar
concepts since every day examples can be valuable tools of
communicationwhen attempting to clarify complex concepts
[47]. For example, metaphors such as “our bodies are made
up of cells, much like a beach is made up of small grains of
sand” or “genes can be turned on and off just like lights in
your house can be turned on and off” were added to increase
understanding. The initial script was reviewed by experts in
health policy and the national genetic service sector, as well as
African American, Hispanic, and Caucasian women of ages
similar to potential study participants. The script was then
revised based on their comments.

The basic script served as the framework for the extended
discussion but was tailored to meet the experiences and
concerns of potential participants from diverse backgrounds
[48]. For example, with potential participants who were
pregnant, the researcher added to the basic script assurances
that the study was not looking for, or testing for, any genetic
problem in the baby. An example of the basic recruitment
script is included (Appendix A).

Epigenetic recruitment scripts were supplemented with a
list of Frequently Asked Questions (FAQs). The contents of
this list were based on comments from the reviewers of the
script as well as feedback from researchers experienced in
epigenetic research. The proposed answers to the FAQs were
designed to be straightforward and also included metaphors.
For example, when asked “can you find anything bad,” the
proposed answer was intended to reassure the potential
participant. The answer that stated “We are not looking
at inherited changes that cause people to have genetic or
inherited diseases. We are looking at things that might turn
genes on and off in our body’s cells. To use our house
analogy, we are not looking at how the wiring in the house is
designed, but rather changes in how the appliances plugged
into the wiring are used” may help the potential participant
to understand the goal of the research.The FAQswere viewed
as tools to assist the research team in addressing questions or
issues that may arise. Samples of Frequently Asked Questions
are provided (Appendix B).

2.2. Research Studies and Participants. The cohort for this
report of our epigenetic informed consent process was cre-
ated by combining the recruitment and data collection efforts
of 4 individually funded research studies. While separate,
each study is related through the epigenetic aim. Table 1
summarizes the aims, target population, and recruitment
goals of the four studies. The author researchers incorpo-
rated the recruitment materials into their individual study
protocol. Participants for the 4 studies were recruited from
health care providers’ offices and the community in an
urban metropolitan as well as rural area in the Southeast
area of the United States. Participants in previous research
studies who had expressed interest in future studies were also
contacted. Recruitment methods included use of brochures
and flyers placed in physician offices, ambulatory care clin-
ics, and churches; newspaper ads; referrals from clinical
and community partners; and face-to-face personal recruit-
ment. Depending on the research design, person-to-person
extended discussions occurred either face to face or over the
phone and typically lasted for 15–20 minutes.

2.3. Data Analysis. Descriptive statistics were used to ana-
lyze demographic data and calculate the enrollment rate
or recruitment yield. The recruitment rate represents the
number of participants enrolled divided by the number of
participants eligible for the study.

2.4. Ethics. Ethical approval for all studies was obtained from
the Virginia Commonwealth University Institutional Review
Board.

3. Results

3.1. Recruitment Demographics and Yield. The cohort for this
paper, which is a reporting of our process evaluation, is a
convenience sample of 102 women enrolled in one of the four
epigenetic studies. The participants ranged in age from 18–
71 years. The mean age of participants was 46. The majority
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Table 1: Overview of studies.

Research title Epigenetic aim Population Recruitment
goal

Epigenetics and psychoneurologic (PN)
symptoms in women with breast cancer
(Lyon et al.)

(1) Longitudinally examine levels of
inflammation and epigenetic patterns
pre-, peri-, and postchemotherapy
(2) Longitudinally examine relationships
among inflammation, epigenetic changes,
and PN symptoms

Women diagnosed with
early-stage breast cancer 𝑁 = 75

Epigenetics and maternal stress
(supplement to ongoing intervention
trial)
(Jallo and Cook)

Longitudinally examine relationships
among epigenetic changes, stress, anxiety,
depression, and stress biologic markers

Low-income healthy
pregnant women 𝑁 = 10

Stress, immunity and symptoms in
Fibromyalgia
(Menzies and Cook)

Examine relationships among stress,
inflammation, environment, fibromyalgia
symptoms, and gene expression

Women with fibromyalgia 𝑁 = 10

Effects of yoga for women with
depression
(Kinser and Cook)

Examine relationships among depression,
stress, inflammation, cellular aging, DNA
methylation patterns, and yoga

Women with treatment-
resistant depression 𝑁 = 10

Table 2: Results of 4 research studies using the enhanced informed consent process.

Research title Population Age range
(years)

Ethnicity/race
(self-identified)

Enrollment rate
(recruitment yield)

Epigenetics and
psychoneurologic (PN)
symptoms in women with
breast cancer
(Lyon et al.)

Women diagnosed with
early-stage breast cancer 23–71 African American, 50%

Caucasian, 50% 80%

Epigenetics and maternal
stress
(supplement to ongoing
intervention trial)
(Jallo and Cook)

Healthy pregnant women 18–32 African American, 100% 85%

Stress, immunity and
symptoms in fibromyalgia
(Menzies and Cook)

Women with fibromyalgia 44–62
Caucasian, 50%
African American, 40%
Hispanic, 10%

100%

Effects of yoga for women
with depression
(Kinser and Cook)

Women with
treatment-resistant
depression

21–61
Caucasian, 44.4%
African American, 44.4%
Asian, 11.1%

90%

of the sample was Caucasian (𝑛 = 61/102) which is 60% of
the total sample. African American participants represented
38% of this sample (39/102). The total enrollment for African
American women from the urban center for this study is
greater than 50% (16/31). The combined sample also includes
1%Asian participants and 1% of the participants areHispanic.
The average success rate for enrollment for these studies
combined to date (𝑛 = 102) was 89%. The findings are
provided in Table 2.

3.2. Participant Comments. Of the eligible participants who
decided not to enroll, themajority cited the following reasons
for not enrolling: (1) feeling overwhelmed by the situation
of having cancer and the treatment schedules; (2) concern
over being anemic and having additional blood being drawn;
(3) not wanting blood drawn at time of study since “just
stuck yesterday at the doctor’s office.” No potential eligible

participant stated concern over the concept of epigenetics or
aims of the study as reasons for refusal.

4. Discussion

The aim of this report of our epigenetic recruitment process
was to describe the development and implementation of
recruitment materials developed to expand the informed
consent process to heighten potential participants’ under-
standing of epigenetics.We report the overall enrollment rate
in the studies using these tools as a potential proxy measure
for their efficacy. Because there is a paucity of epigenetic
recruitment literature, we frame our discussion within the
context of genetic research recruitment.

The overall rate of enrollment was 89% using our
enhanced informed consent process, higher than reported
rates from other genetic studies conducted in the USA
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which ranged from 15.9% to 84.9% ([13, 15, 16, 49–51]. For
example, researchers recruiting adults with temporal lobe
epilepsy reported that, of the eligible patients, 15.9% enrolled
in genetic studies [13]; another study reported that 57% of
the mostly Caucasian potential participants consented [49];
62.3% of eligible African American and Latinos participated
in a lung cancer study [15]; the Agricultural Health study
obtained informed consent from 79% of those male farmers
contacted [50]; and the NHAMES study reported that 84.8%
in the 2000 survey of eligible participants representative of
the general population consented to have DNA stored in a
national repository [51]. The rate of enrollment in this study
was slightly lower than that in the Action for Health in
Diabetes clinical trial which reported an overall enrollment
rate of 89.6% across 15 institutions conducting DNA research
among overweight or obese individuals with type 2 diabetes
[16].

Participation in research is often lower among women
in general as well as members of minority racial/ethnic
groups, which may pose a challenge when recruiting for
epigenetic research [14, 16]. For example, females and non-
Hispanic blacks consistently had lower consent rates com-
pared to representative sample of the USA population [51].
Similar findings were reported by Espeland et al. [16] who
found nonconsent occurredmore frequently among African-
American, Hispanic, and female potential participants. We
did not encounter this phenomenon. Participants in this
cohort study represented a diverse population of Caucasian,
African American, Asian, and Hispanic participants. Study
participants from minority ethnic/racial groups comprised
40% of our combined cohort, which represents the profile
of our community’s population (U.S. Census Bureau). The
ethnic/racial categories of our participants are presented in
Table 2.

Due to several study limitations, the high enrollment rate
cannot be attributed solely to the efficacy of the expanded
discussion and recruitment materials. Because there was no
randomization, the high rate of enrollment could be the
result of factors other than the expanded informed consent
process. The small sample size of the pilot studies limits
generalizability. In addition, the willingness of these women
to join an epigenetic study may be attributed to the prior
experience and the established relationships between the
potential study participant and the researcher [9]. Also,
because there were 4 separate studies with different research
teams, the possibility of recruitment variance cannot be ruled
out. While the recruitment materials did provide consistency
of information delivered, individual interactions with eligible
participants may have influenced enrollment [52].

While our results must be balanced with study limi-
tations, we suggest that the materials we implemented to
improve the informed consent process contributed to our
success in recruiting diverse samples for our studies.We posit
that carefully developed recruitment scripts provided a foun-
dation for improving potential participants’ understanding
of the research project. Easy to understand illustrations of
the epigenetic process provided a basis for active engagement
and encouraged individual questions. The frequently asked
question section was a way for prospective participants to

understand that it was “normal” to have questions and towant
more information about a specific research study in which
they were eligible for enrollment. Using familiar words and
ideas to simplify information and teach potential participants
is considered an important component to successful partici-
pant recruitment [45].

The basic recruitment script, as well as the FAQs doc-
ument, established consistency among members of the
research team, encouraged engagement in conversation with
each participant to ensure understanding, and provided an
opportunity to address participants concerns.We suggest that
by incorporating the FAQs and the extended discussion into
our individual protocols, we may have positively impacted
recruitment into our various epigenetically focused research
studies; thus thismay be a potential strategy for strengthening
future informed consent processes.

5. Conclusion

Recruiting for genetic and epigenetic studies will be an
ongoing challenge for scientists conducting research in
human subjects. We believe that expanding the information
and dialogue involved in the informed consent process is
a foundational step for further participants to accept of
their active engagement in research studies. In epigenetic
studies, it is important to view informed consent as a process
that depends on interactions between the researcher and a
potential participant. Continued success with implementing
biobehavioral research depends on the careful development
of strategies that create a safe and open environment for
dialogue among research scientists and potential research
participants.

Appendices

A. Example of Basic Recruitment Script

Our bodies are made up of cells, much like a beach is made
up of small grains of sand. Within every cell we have genes.
These genes contain the biologic instructions that tell our cells
how to work. A portion of these genes can be turned on or
off in response to our exposures or stress experiences and we
are trying to learn how this process works. One question that
we are asking in this part of the study is if there are some
genes that turn on or off in a (fill in the blank with
appropriate study aim: for example, mother’s body during
pregnancy; women with fibromyalgia).We are also interested
in trying to learn what environmental or situational events
trigger these changes.

One way to picture this concept is to think of our body as
a house. In your house there is wiring that is present, much
like the way that there our genes present in our body. Some of
the items that are plugged into the wiring are always on (like
the refrigerator). These items are comparable to the group of
genes that we have in our bodies that are also always turned
on. However, there are some items that you turn on and off
in response to your needs. For example, you may walk into
different rooms and flip switches to turn the lights on or off.
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A portion of these devises are easily changed in response to
needs (for example flipping lights on or off). However there
are some devises that, once an initial change is made, require
more effort to reverse. For example, when a lot of devices
are used on one circuit or when there is some sort of power
surge you can flip a breaker in a house. To get the electric
to work again for that subset of devices you have to identify
where the change occurred (which breaker flipped) and then
actively flip the switch back to regain the original function.
The options for having devices working in your home is a
combination of the wiring that is present (our genes), adding
devices and turning them on or off (our environment) and
then using (or not using) the device, such as using the light to
read by, watching the TV, or having a dark room for sleeping
(changes in the cells). We are interested in learning about
the types of changes that arise in a mother’s body during
pregnancy (turning devices on and off) and the interactions
that influence if these changes occur and if so, for how long.

B. Frequently Asked Questions

Can you tell if my baby has a problem?

No, we are not looking for or testing for any genetic
problemswith the baby. Your providermay talk to you
about some potential prenatal screening tests for this
reason but we are not testing the baby for any genetic
conditions.

Could you find anything “bad”?

We are not looking at inherited changes that cause
people to have genetic diseases. Insteadwe are looking
at factors that might turn genes on and off in our
body’s cells. To use our house analogy, we are not
looking at how the wiring in the house is designed
but rather changes in how the devices plugged into
the wiring are used.

Will you provide me with the results of these tests?

No since this is a very new study, we do not know how
important any of the findings will be. Because we are
just beginning to look at how the body’s cells might
turn on and off with stress, it is too early to provide
you with any individual report or information. By
participating in this study you would be providing
the first gains in our knowledge about these types of
changes.

Will anyone see these results?

The results of this study will not be provided to you
or your doctor. They will not be in your health record
nor will the results have any effect on your treatment.
All of the information gained will be kept strictly
confidential to ensure that your privacy is protected.

Will there be any extra costs for these studies?

No, since this is a research project you will not have
any costs extra.

Will giving extra blood be harmful to my baby or me?

While the filled tubes look like they have a lot
of blood, you are actually providing only about 2
tablespoons of blood. This will not have any bad
impact on your health or the health of your baby.
For comparison, when people donate blood a pint is
collected and even taking thatmuch blood has no bad
effects.

If you do not know if there are any changes, why should I
participate?

You are correct; at this time we do not know if there
will be any changes. That is why this is considered
to be a research test. The only way we can gain
knowledge is by studying people who are pregnant to
learn if these changes occur. Our hope is that if we
can identify consistent changes that occur in women
with specific types of health concerns during their
pregnancy then we can developmethods in the future
that might help us to treat women or develop lifestyle
changes to help women avoid these problems during
their pregnancy.

How will I know about my DNA?

None of this blood work is used to diagnose or treat
you. We are looking at relationships of “markers” and
symptoms. We do not share your results with anyone.
Again, we look at averages and compare those.Wewill
not be giving lab results to you because yours alone is
not the primary focus of this work.
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Posttraumatic stress disorder (PTSD) develops in approximately one-quarter of trauma-exposed individuals, leading us and others
to question the mechanisms underlying this heterogeneous response to trauma. We suggest that the reasons for the heterogeneity
relate to a complex interaction between genes and the environment, shaping each individual’s recovery trajectory based on both
historical and trauma-specific variables. Epigenetic modifications provide a unique opportunity to elucidate how preexisting
risk factors may contribute to PTSD risk through changes in the methylation of DNA. Preexisting risks for PTSD, including
depression, stress, and trauma, result in differential DNA methylation of endocrine genes, which may then result in a different
biological responses to trauma and subsequently a greater risk for PTSD onset. Although these relationships are complex and
currently inadequately described, we provide a critical review of recent studies to examine how differences in genetic and proteomic
biomarkers shape an individual’s vulnerability to PTSD development, thereby contributing to a heterogeneous response to trauma.

1. Introduction

Up to 90% of individuals experience a traumatic event at
some time during their lives, yetmost recover and suffer from
no long-term ramifications; however, a subset of individuals
develop posttraumatic stress disorder (PTSD) and are at high
risk for health decline [1–4]. This heterogeneous response
suggests that preexisting factors might influence how people
respond to traumatic situations. We suggest that a more
comprehensive examination of biomarkers that approximate
PTSD risk would be of great value. Biomarker discovery in
PTSD has been hindered by the lack of prospective studies
in traumatized individuals, resulting in an insufficient under-
standing of the preexisting risk factors for PTSD onset as well
as the mechanistic pathways that underlie this risk. With-
out this knowledge, we are unable to identify traumatized
individuals at risk for PTSD development and, therefore,
unable to implement effective, preventive interventions. Yet,
additional biological analysismethods have become available,
and these new strategies will be useful in addressing this
critical issue. Specifically, the use of whole-genome gene
expression and epigenetic modifications (DNA methylation)

provide an opportunity to explore more than candidate
biomarkers, to identify novel mechanisms related to PTSD
risk, and to pinpoint genetic pathways that may be implicated
in both risk and resilience to trauma.

A traumatic event places individuals at high risk for
developing PTSD, resulting in rates of PTSD between 18%
and 36% in trauma-exposed patients [1–4]; as mentioned
above, most trauma-exposed individuals recover and do not
develop PTSD. PTSD is viewed as a disorder of dysregulation
of fear and processing of stimuli associated with trauma,
and it is characterized by three main clusters of symptoms:
reexperiencing, avoidance, and hyperarousal. Reexperienc-
ing symptoms include distressing recollections or dreams of
the event, flashbacks, and intense psychological and physi-
ological reactivity to internal and external cues; avoidance
symptoms include evasion of any thoughts or feelings of
people and places that remind the individual of the traumatic
event, decreased interest in participating in activities, and
emotional numbing; and hyperarousal symptoms include
problems falling or staying asleep, irritability or anger,
hypervigilance, and exaggerated startle reflex. It has become
increasingly clear that environmental influences early in
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development remain pervasive into adulthood, a relationship
that is attributed to an interaction of gene function and
environment. Both genetic and environmental factors are
critical to developmental processes, and even minor changes
in either type of factor can result in trajectories of resilience
or vulnerability [5]; however, it is the interaction between
these factors that may provide the most vital information to
understanding the heterogeneous response to trauma. Epige-
netic modifications occur in response to an environmental
factor and includeDNAmethylation, acetylation, and histone
modification which alter DNA accessibility and chromatin
structure, thereby regulating activity of the gene in a long-
lastingmanner. Because the risk for PTSD onset is influenced
by environmental factors that predate trauma exposure, epi-
genetics may provide novel insights into the heterogeneous
response to a trauma. Large epidemiological studies link
pretrauma risks including previous depression, stressors, and
traumatic events to a greater risk for PTSD onset following
trauma exposure [6], suggesting that these factors may con-
tribute to variability of individuals in response to a trauma.

The support for themediating link of epigeneticmodifica-
tions and PTSD vulnerability is reported in preclinical stud-
ies. Specifically, preclinical models illustrate these complex
relationships and link epigenetic modifications in neurons
to psychological vulnerability following stressors. In rats, the
offspring of the high caringmothers (i.e., high licking) exhibit
the reduced methylation of the glucocorticoid receptor gene
[7] and endocrine regulation of a subsequent stressor [8]. In
contrast, in non-human primates, offspring that face early
adversity exhibits endocrine dysregulation [9] as well as
reductions in neuronal plasticity in the prefrontal cortex
that persist into adulthood [10]. Early stressors in humans
have also been linked to epigenetic modifications, including
increased methylation of the glucocorticoid promoter in
hippocampal neurons of suicide completers with histories of
early childhoodmaltreatment [11]. Cord blood collected from
mothers with high levels of depression and anxiety during
the third trimester displays similar glucocorticoid methyla-
tion differences, which are linked to a dysregulation of the
endocrine system [12]. In studies of rats who exhibit PTSD-
like behavior, there is evidence of increased methylation of
stress response genes including brain-derived neurotrophic
factor [13] and nuclear protein phosphate-1 [14] in neurons,
which result in the onset of PTSD-like behavior [15]. These
preclinical studies provide insights into the heterogeneous
response to trauma and stress and suggest that epigenetic
modifications in neurons result in the onset of PTSD [16, 17].

We suggest that the heterogeneous response to trauma
relates to complex interactions between genes and the envi-
ronment, shaping each individual’s recovery trajectory based
on both historical and trauma specific variables (see Figure 1).
One of the major environmental factors linked to epigenetic
changes is stress, which is a critical factor in the pathogenesis
of PTSD. There is robust evidence linking PTSD onset to
epigenetic changes following stress; yet this evidence is only
starting to accumulate from the clinical studies. Recent
advances in laboratory analyses and biostatistical methods
provide new opportunities to determine the mechanisms
of PTSD onset; however, many of these advances are not

yet applied. Additionally, current studies are limited by our
inability to determine pretrauma epigenetic status as well
as our restriction to peripheral blood samples in clinical
samples. Here, we provide a critical review of recent studies to
examine how differences in genetic and proteomic biomark-
ersmay underlie the vulnerability of the individual to develop
PTSD, and how this field of study may provide fundamental
insights into the identification of individuals at risk for PTSD
development following trauma and the development of novel,
interventional strategies.

2. Methods

In order to obtain a comprehensive pool of prospective
studies investigating peripheral biomarkers of PTSD fol-
lowing trauma, PubMed, OVID/MEDLINE, the Cochran
Database, Embase, Scopus, CINAHL, and PsychInfo were
systematically searched using the following National Library
of Medicine Medical Subject Headings (MeSH) “posttrau-
matic stress disorder,” “genes,” “cytokines,” “neuropeptides,”
and “inflammation.” Additionally, each key word was cross-
referenced with each other in each of the various databases.
The search extended to the literature published between 2000
and 2013, and studies were included in the review if they (1)
were primary research articles, (2) were published in English,
(3) were conducted in humans, and (4) examined epigenetic
modifications (i.e., DNA methylation), gene expression, or a
proteomic biomarker that was linked to PTSD risk following
a trauma.The following components and variables of interest
were appraised to provide an overall synthesis of the avail-
able literature: study purpose, design, methods, sample size,
demographics, type of trauma, severity of injuries sustained
(mild, moderate, and severe), type of biological sample
collected, and times of collection following trauma. We were
able to locate 6 clinical studies that examined epigenetic
modifications (i.e., DNA methylation), 9 studies of gene
expression, and 14 studies that used a proteomic biomarker
to examine the risk for PTSD onset (3 pediatric and 9 adult
studies). All studieswere reviewed and are presented inTables
1, 2, and 3.

2.1. Epigenetics. Clinical studies are restricted to examining
epigenetic modifications in samples of peripheral blood,
but these studies do provide some key insights into how
these molecular changes relate to PTSD risk (see Table 1).
Specifically, these studies implicate insufficient regulation of
inflammatory activity and reduced neurotransmitter activity
in PTSD risk. In support of this, studies in chronic PTSD-
affected patients report hypermethylation of inflammatory
initiator genes (toll-like receptors 1 & 3, IL-8, chemokine
ligand 1, and others) and demethylation of inflammatory
regulatory genes (FK506 binding protein-5 [FKBP5]) [18].
In a subsequent study, Ressler et al. (2011) linked these
molecular-genetic mechanisms to higher concentrations of
inflammatory cytokines in patients with chronic PTSD [19].
Together, these association studies suggest that observations
by us and others of excessive inflammation in chronic PTSD
[20, 21] likely relate to these DNA methylation differences;
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Figure 1: Epigenetic mechanisms of PTSD onset.

however, their cross- sectional designs prohibit linking these
molecular differences to PTSD vulnerability.

In contrast, a recent study measured DNA methylation
and reported that postdeployment hypomethylation of LINE-
1 was associated with PTSD onset following deployment [25].
The authors of this report postulate that LINE-1, a regulator
of stress response in the immune system, may represent
an adaptive response to combat stress that protects against
PTSD; yet additional studies are needed in more generalized
samples that include women and various traumatic events.
In addition, this study did not determine predeployment
factors such as previous PTSD, depression, or trauma that
contributed to precombat methylation differences, resulting
in an inability to understand how the interactions between
genes and environment prior to trauma underlies PTSD risk.

Other studies suggest that differentialmethylation of neu-
rotransmitter genes is linked to PTSD onset. In two studies
using samples of civilians from the Detroit Neighborhood
Health Study, neurotransmitter genes were implicated in the
risk for PTSD development. In one study that examined
the serotonin transporter gene (SLC6A4), methylation levels
weremodified by the effect of the number of traumatic events
on PTSD after controlling for SLC6A4 genotype, such that
persons with more traumatic events were at increased risk
for PTSD, but only at lower methylation levels. At higher
methylation levels, individuals who reported more traumatic
events were protected from this disorder, suggesting that the

serotonin transporter gene may also be important in trauma-
related resilience [22]. In a study using the same patient
sample, the candidate gene MAN2C1 showed a significant
methylation × trauma experience interaction such that those
with both higherMAN2C1methylation and greater exposure
to traumatic events showed an increase in risk of lifetime
PTSD [24]. Although these studies provide unique insights
into risks for PTSD based on DNA methylation, trauma,
and psychiatric-related symptoms, these studies used cross-
sectional design and did not include definitive diagnoses
determined through a clinical interview.

Although not epigenetic in nature, previous studies that
examine genetic inheritance provide further evidence of
genetic underpinnings in endocrine modulating genes in the
risk for PTSD. In brief, previous studies link single nucleotide
polymorphisms (SNPs) of FKBP5, a negative regulator of
GCR sensitivity to a greater risk for PTSD onset [29, 49, 50].
Current findings indicate that genetic predisposition differ-
ences in another key inflammatory gene, corticotrophin-
releasing hormone type 1 receptor gene (CRHR1), increase
PTSD onset in children who were abused at an early age [51].
With pediatric injury patients, a longitudinal study identified
one SNP significantly related to acute PTSD symptoms aswell
as trajectory of symptoms over time [52]. These findings are
meaningful in terms of genetic and environmental interplay
producing risk for PTSD; however, current studies do not
explicate the link between baseline epigenetics in immune
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Table 1: Epigenetics studies.

Study Analysis method Sample Findings

Uddin et al., 2010 [18] DNA methylation;
>14,000 genes

100 individuals from DNHS
(PTSD = 23)

PTSD had greater methylation of toll-like receptors 1 and 3,
IL-8, and others compared to controls and had a greater overall
number of uniquely methylated genes.

Koenen et al., 2011 [22]
DNA methylation
and genotype;

SLC6A4

100 individuals from DNHS
(PTSD = 23)

Neither genotype nor methylation of SLC6A4 was associated
with PTSD; however, when controlling with genotype, lower
methylation levels were associated with increased risk for
developing PTSD among individuals with more traumatic
events.

Ressler et al., 2011 [19]
DNA methylation;
44 SNPs of PACAP

and PAC1

64 individuals, primarily
African American

(PTSD = 24)

An SNP in ADCYAP1R1, rs2267735, predicted PTSD diagnosis
and symptoms in women; methylation of this gene was also
associated with PTSD.

Smith et al., 2011 [23]
DNA methylation;
global and site

specific

110 African Americans
(PTSD = 50)

Global methylation was increased in subjects with PTSD, as
compared to control subjects or subjects with a history of
childhood trauma; CpG sites in TPR, CLEC9A, APC5, ANXA2,
and TLR8 were differentially methylated in subjects with PTSD.

Uddin et al., 2011 [24] DNA methylation;
33 candidate genes

100 individuals from DNHS
(PTSD = 23)

One candidate gene,MAN2C1, showed significantly higher
methylation in subjects with lifetime PTSD.

Rusiecki et al., 2012 [25] DNA methylation;
LINE-1 and Alu

150 service members
(PTSD = 75)

LINE-1 was hypomethylated in PTSD versus controls
postdeployment and hypermethylated postdeployment versus
predeployment in controls; Alu was hypermethylated in PTSD
versus controls predeployment.

regulatory genes and the risk for PTSD onset following a
trauma. Yet, taking these studies together with studies that
examine gene function, there is evidence that a combination
of genetic and environmental factors contributes to psy-
chological vulnerability following a trauma by shaping an
individual’s neuronal and biological stress response, warrant-
ing future prospective studies to determine these important
temporal relationships [53].

2.2. Gene Expression. Nine studies have also used gene
expression analysis of peripheral blood to examine the
mechanisms of PTSD, providing additional insights into the
complex biological processes underlying PTSD onset. Gene
expression involves processes that alter the ultimate product
of the gene, which is most often the production of proteins.
Current studies using gene expression analysis methods also
support the role of insufficient inflammatory regulation in
the risk for PTSD onset, by implicating higher expression
of inflammatory genes and lower expression of genes that
regulate inflammatory processes (see Table 2). In a recent
cross-sectional study of PTSD patients, a reduction in the
transcriptional activity of genes that regulate inflammation
including FKBP5 and IL18 and STAT pathways was reported
in an urban sample of primarily African American partic-
ipants [30]. Reductions in gene expression of STAT5B and
MHC II class receptor genes in participants who developed
PTSD following the 9-11 terrorist attacks were also reported
[29]. Also, in a sample of participants who developed PTSD
following 9-11, reduced FKBP5 gene expression was most
related to PTSD severity in regression analysis as well as a
reduction in STAT5B, a direct inhibitor of GR, and a major
histocompatibility complex (MHC) class II gene expression;

however, significant differences were related to PTSD symp-
tom severity and not a definitive diagnosis of PTSD [27].
Lastly, in a recent study of 12 women with PTSD related to
child abuse, increased glucocorticoid receptor sensitivity in
monocytes was linked to increased NF-𝜅B activity; however,
this study did not use a whole-genome analysis like the
other reviewed studies, but instead a DNA binding ELISA in
mononuclear cells [31]. Thus, together, these studies suggest
that reduced gene expression of immune regulatory genes is
associated with PTSD but is limited to small sample sizes and
cross-sectional design.

In contrast, two recent studies provide vital insights into
how gene expression differences contribute to PTSD onset
through the use of a prospective design in male service
members who are evaluated prior to and then following
deployment. In a study of 448 male soldiers, predeployment
high glucocorticoid receptor numbers and lowFKBP5mRNA
expression were associated with increased risk for a high
level of PTSD symptoms [32]. In a similar sample, a high
level of PTSD symptoms after deployment was independently
associated with a high DEX sensitivity of T-cell proliferation
before deployment, but only in individuals who reported
PTSD symptoms without depressive symptoms [33]. These
studies link alterations in gene expression to functional
immune cell changes. Importantly, these studies also link
preexisting biological differences in cell function and gene
expression to the risk for PTSD onset following a trauma.
These studies are limited by their use of gene expression
analysis of only predetermined target genes, restricting our
ability to identify novel biological targets for PTSD risk and
to understand how known risks relate to less well known
genes related to PTSD risk. Although these studies have some
limitations, they provide fundamental information regarding
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Table 2: Gene expression studies.

Study Analysis method Sample Findings

Zieker et al., 2007 [26]
Pre-selected

stress-immune genes,
whole-blood

16 individuals
(PTSD = 8)

In PTSD, upregulated (4): glutamate transported,
IGF-2; downregulated (14): IL-18, IL-16, colony
stimulating factor.

Yehuda et al., 2009 [27] Whole blood gene
expression

35 individuals exposed to
9/11

(PTSD = 15)

FKBP5, STAT5B, and MHC class II showed reduced
expression in individuals with PTSD.

Neylan et al., 2011 [28] CD14+ monocyte; gene
expression

67 ± trauma-exposed
individuals
(PTSD = 34)

In PTSD patients, three monocyte genes were
underexpressed in men but not in women.

Sarapas et al., 2011 [29] Genome-wide gene
expression

40 individuals exposed to
9/11 (PTSD = 20)

PTSD patients showed a reduction in gene expression
of STAT5B and nuclear factor I/A.

Mehta et al. 2011 [30]
Whole-blood gene

expression and SNP of
FKBP5

211 low income
(PTSD = 75)

With FKBP5 SNP added to interaction with PTSD,
there was a reduction in 32 genes including IL-18 and
STAT pathway.

Pace et al., 2012 [31] Nuclear factor-𝜅B activity
in peripheral blood

36 women
(PTSD = 12)

Increased nuclear factor-𝜅B activity was associated with
women with PTSD as compared to controls.

van Zuiden et al., 2012 [32]
GR number; FKBP5,

GILZ, and SGK1 mRNA
expression

448 military personnel
(PTSD = 35)

Predeployment high GR number, low FKBP5 mRNA
expression, and high GILZ expression predicted PTSD
development.

van Zuiden et al., 2012 [33] GC sensitivity of
leukocytes

526 military personnel
(PTSD = 46)

Predeployment sensitivity of GCRs on leukocytes
predicted development of PTSD.

Matić et al., 2013 [34] GR function and
expression using PCR

347 ± war
trauma-exposed

individuals
(PTSD = 113)

Lower GR sensitivity in PBMCs and low
gene-expression of GR were found in PTSD patients.

Table 3: Proteomic studies.

Pediatric studies Sample Collection; followup Outcome Results

Delahanty et al., 2005 [35] 58 ED patients ED; 6wks Diagnosis High cortisol and epinephrine
predicted acute PTSD symptoms.

Ostrowski et al., 2007 [36] 54 ED patients ED; 6wks, 7mos Diagnosis High cortisol predicted acute PTSD
symptoms and PTSD onset in boys.

Pervanidou et al., 2007 [37] 56 MVA patients (9 = PTSD) ED; 1, 6mos Diagnosis High cortisol and IL-6 predicted
PTSD onset.

Adult studies Sample Collection; followup Outcome Results

Resnick et al., 1995 [38] 37 rape survivors (19 = PTSD) ED; 17–157 days Diagnosis Low cortisol in previously assaulted
women predicted PTSD onset.

Yehuda et al., 1998 [39] 20 rape survivors (11 = PTSD) ED; 27–157 days Diagnosis Cortisol and MHPG did not predict
PTSD onset.

Delahanty et al., 2000 [40] 99 MVA patients (9 = ASD) ED; 1mo Diagnosis Low cortisol predicted acute PTSD
symptoms.

Bonne et al., 2003 [41] 21 ED patients (8 = PTSD) 1 wk; 6mos Diagnosis Cortisol did not predict PTSD
onset.

Heinrichs et al., 2005 [42] 43 firefighters (7 = PTSD at 2 yrs) Training; 6, 9, 12,
24mos

Symptom
report

Cortisol and CA did not predict
PTSD onset.

McFarlane et al., 1997 [43] 40 MVA patients (7 = PTSD) ED; 2, 10 days and
6mos Diagnosis Low cortisol predicted PTSD onset.

Ehring et al., 2008 [44] 53 MVA patients (5 = PTSD) ED; 2wks, 6 mos Diagnosis Low cortisol predicted PTSD onset.
Shalev et al., 2008 [45];
Videlock et al., 2008 [46] 155 ED patients (31 = PTSD) ED; 10 days, and 1,

5mos Diagnosis Cortisol, ACTH, GR, and NE did
not predict PTSD onset.

Cohen et al., 2011 [47] 48 orthopedic patients, 13 HC At hospitalization;
1mo

Symptom
report

High IL-8 and low TGF-𝛽 predicted
acute PTSD symptoms.

van Zuiden et al., 2011 [48] 68 service members, (34 = PTSD) Prior; following
deployment

Symptom
report High GR predicted PTSD onset.



6 Nursing Research and Practice

the mechanisms of PTSD onset. Specifically, these studies
report that it is likely an accumulation of preexisting factors
that result in differential gene activity and vulnerability to
develop PTSD following trauma exposure.

2.3. Proteomics. Studies of proteomic biomarkers of PTSD
risk have been undertaken for far longer than studies that
use genetic analyses; yet they have been limited by many
methodological issues. These issues include an inability to
control for timing of the sample collection, with most
proteins exhibiting substantial circadian variation, the impact
of the physical consequences of trauma, and differences in
the timing between the occurrence of the trauma and the
biological sample. Despite these limitations, these studies
provide some vital insights into the biological mechanisms
underlying PTSD vulnerability. Proteins play important roles
in both intracellular processes and intercellular communica-
tion, thereby contributing to the orchestration of responses
to traumatic events. Thus, proteins should be considered as
possible PTSD biomarkers. Studies of acutely traumatized
individuals suggest that high concentrations of inflammatory
proteins are linked to PTSD onset. Here, we review 14 studies
that collect a biological sample within the acute period
following a trauma and use this biomarker to approximate
PTSD risk (see Table 3).

In children following a motor vehicle accident (MVA),
high concentrations of IL-6 twenty four hours after the MVA
predicted PTSD onset at six months [37]; however, these
elevations were no longer evident in those children who
developed PTSD. Similar findings are reported in a study
of adults hospitalized for orthopedic injuries, reporting that
high concentrations of IL-6 as well as IL-8 related to the risk
acute stress disorders symptoms; however, this study did not
link these biomarkers to the risk for PTSD onset [47]. IL-
8 is a mediator of the innate immune system, with higher
concentrations indicating a greater immune challenge. In
contrast, low concentrations of IL-8 predicted high PTSD
symptoms following the earthquakes in China, whereas high
IL-6 predicted anxiety and depression symptoms but was
not specific to PTSD [54]. The Song et al. [54] study differs
from the other two studies as biomarker collection was
within months, not hours of the trauma, and many of the
participants did not sustain physical injuries. A benefit of
the Song study was the evaluation of cooccurring depression
with PTSD, which is a limitation of the other prospective
studies. In studies of chronic PTSD, cooccurring depression is
associated with higher concentrations of IL-6 [20, 55].There-
fore, inflammation in the acute recovery period may be very
detrimental to psychological recovery as high concentrations
of inflammatory cytokines exert central effects including the
induction of “sickness behavior” [56–60]. In addition, inflam-
matory cytokines increase blood brain barrier disruption [61–
63] and alter metabolism of serotonin [64–67], all of which
contributes to neuronal vulnerability despite of the exces-
sive central inflammatory actions, including overactivation
of microglia [68–70]. Together, these studies suggest that
increased concentrations of inflammatory cytokines relate to
the risk for PTSD onset.

There is also evidence that endocrine dysregulation
relates to PTSD risk; however, this risk may relate to pre-
vious trauma. In three studies of children recruited from
emergency departments, high cortisol measured in the urine
predicted acute stress symptoms at six weeks following the
trauma; however, in the Ostrowski et al. (2007) study high
cortisol predicted PTSD onset in boys only [36]. This is
of interest as studies of adult women report that it is low
cortisol concentrations that predict PTSD onset [39]. Resnick
et al. (1995) support this finding in a similar sample but
reports that this relationship only relates to thosewomenwho
report a trauma prior to the rape [38]. In samples of men
and women following an MVA, low cortisol concentrations
are also linked to PTSD risk [40, 44]; however, the role
of previous trauma is not reported in these studies. Other
studies do not link cortisol concentrations to PTSD risk
[39, 41, 42, 45, 46]. In a unique study of servicemembers prior
to and following deployment, concentrations of cortisol were
not related to PTSD risk; however, greater glucocorticoid
binding in mononuclear cells prior to deployment predicted
PTSD onset, suggesting that systems that regulate cortisol
activity relate to PTSD risk [48].

ANS dysregulation contributes to PTSD vulnerability
[71, 72]; however, current biomarker studies that measure
catecholamines or metabolites have not supported this rela-
tionship. Studies that examined catecholamine concentra-
tions from blood samples did not significantly differ in
studies of adults [39, 46] or children [35, 37]. Studies of
concentrations of catecholamines using urine samples also
did not show significant findings in adults [35, 40, 42, 46]
or in children [35]. Therefore, ANS dysregulation may relate
to PTSD risk yet this is not supported in biomarkers studies;
this discrepancymay be related to the high degree of turnover
of catecholamines in circulation, in which current studies
may not be able to capture. Future studies that are able
to approximate ANS dysregulation will be important as
catecholamines influence immune and endocrine function,
and also neuronal circuitry required to psychologically cope
with trauma [73].

3. Conclusions

In this review, we provide a comprehensive examination of
the biomarkers that contribute to PTSD risk. We suggest
that epigenetic modifications shape the resulting proteomic
response of the individual through differential gene activ-
ity, thereby contributing to the heterogeneous response to
trauma and differential risk for PTSD onset. Additional
studies are needed to elucidate these relationships and to
design technological methods to use these biomarkers to
identify trauma patients at the highest risk for PTSD onset.
Preventative interventions would be of great value in patients
at the highest risk for PTSD to prevent chronic symptomatol-
ogy. In addition, these studies may inform the development
of novel interventions including pharmacological agents that
are better able to prevent the onset of PTSD.

Addressing this issue is critical, as delivering effective,
preventive interventions for PTSD could save the USA up
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to 180 million dollars each year in health care costs [74–79]
and the lives of up to 9,000 individuals from suicide [80–
83]. Health care providers have an opportunity to reduce the
risk for PTSD onset as up to 3 million adults seek immediate
medical care for traumatic injuries each year [84], resulting
in the onset of PTSD in almost 1 million of Americans
annually [1, 4, 85–87]. However, even in this group, there
is a high level of interindividual response variability to
traumatic injuries, suggesting that a biomarker that is able to
approximate PTSD risk would be of great value in directing
preventive measures. Preventing PTSD is paramount and
would reduce the substantial morbidity and health-related
mortality associated with this devastating disorder [2, 85].
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Major depressive disorder (MDD) affects millions of individuals and causes significant suffering worldwide. It has been speculated
that MDD is associated with accelerated aging-related biological and functional decline. To examine the accelerated aging
hypothesis, one of the biomarkers under study is leukocyte telomeres, and specifically themeasure of telomere length and telomerase
activity.This review integrates findings from eleven human studieswhich evaluated telomere length and telomerase activity, in order
to synthesize the state of the current science and to inform the development of new knowledge and enhance nursing research of
depression using appropriate biobehavioral measures. Although preliminary, the findings from this integrated review suggest that
there is evidence to support a conceptualization of depression as a stress-related condition in which telomeres shorten over time
in relation to cumulative exposure to the chronic stress of depression. For the purposes of testing in future nursing research, visual
representations of the theoretical connection between stress vulnerabilities, depression, and health outcomes and key moderators
and mediators involved in this conceptualization are provided. The findings from this review and the conceptual framework
provided may be a useful step towards advancing therapeutic nursing interventions for this debilitating chronic condition.

1. Introduction

Major depressive disorder (MDD) affects millions of individ-
uals and causes significant suffering worldwide. The lifetime
prevalence of MDD is approximately 16.2% [1] with women
experiencing a disproportionately higher burden of MDD
than men [2, 3]. The current DSM-IV-TR diagnostic criteria
for MDD include a depressed mood and/or anhedonia for at
least two weeks, plus additional symptoms such as excessive
worrying, guilt, suicidal ideations, psychomotor changes,
and alterations in sleep, weight, appetite, and cognitions [4].
Up to 50% of depressed individuals experience inadequate
symptom relief from typical pharmacologic treatments [5].
Those with partial or no responses to treatment experience
significant decreases in quality of life and functionality [6].
In addition to prolonged psychological distress, individuals
with major mental illnesses, such as MDD, have shorter
life expectancies and higher rates of other chronic medical
conditions, such as cardiovascular disease, metabolic dis-
orders, and chronic pain conditions [7, 8] compared with

the general population. Thus, it has been speculated that
MDD is associated with accelerated aging-related biological
and functional decline. One of the biomarkers under study
to examine the accelerated aging hypothesis is leukocyte
telomeres and specifically the measure of telomere length
and telomerase activity. This review integrates findings from
human studies using biomarkers of telomere length and
telomerase activity, in order to synthesize the state of the
current science and to inform the development of new
knowledge and enhance nursing research of depression using
appropriate biobehavioral measures.

1.1. Potential Mechanism of MDD: Psychological Stress and
Cellular Aging. Multiple potential mechanisms have been
indicated in the etiology of MDD, many of which highlight
the role of stress in both the development and the poten-
tial outcome of living with MDD. Psychological life stress
and MDD are most often comorbid and there is a cyclic
relationship in neurological mechanisms involved in mood
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and stress responsivity. For example, there is a “kindling”
effect in the chronic nature of depression, such that every
major depressive episode (MDE) increases the likelihood of
recurrence [9]. Stress and depression are clearly linked, as
depression may be a cause and/or outcome of chronic stress
and increased stress levels can significantly affect the duration
and degree of symptoms of depression [10–13]. Stress is
considered to be one of the most significant predictors of
health and MDD is a leading contributor to disease and a
major cause of disability in the United States [14–16]. Stress
and depression are associated with increased morbidity and
mortality [10, 17], and this may be due to the fact that
individuals with MDD have a significantly increased risk
of other chronic medical illnesses, such as cardiovascular
disease, diabetes, osteoporosis, and overall frailty/disability,
[18–20]. This correlation between MDD and aging-related
illnesses suggests that MDD may be related to accelerated
cellular aging [21].

The connection between MDD and accelerated cellu-
lar aging may be via inflammatory pathways, and thus
inflammatory states are of particular interest in depression
research for several reasons. First, inflammation-mediated
“sickness behaviors” (e.g., social withdrawal, anhedonia,
fatigue) are classic symptoms of depression [9, 22]. Second,
inflammation has been linked to telomere shortening and
inflammation is linked to many conditions of aging, such
as cardiovascular disease, endocrine disorders, and dementia
[21, 23]; cytokines, which are proteins involved in intercellular
signaling for the regulation of injury and infection, may be
responsible for this link. Proinflammatory cytokines, such
as IL-6 and TNF-alpha, have been demonstrated to increase
telomerase activity in human multiple myeloma cells and
peripheral blood lymphocytes [24–26]. Other studies have
demonstrated significant reductions in telomerase activity
in relation to the inflammatory milieu of acute stress or
exposure to high levels of cortisol [27–29]. Third, inflamma-
tion causes oxidative stress, which in turn leads to telomere
shortening [30]. For these reasons, the association of MDD
with inflammation is a target of keen research interest.

1.2. Telomere Measures. The measure of TL is a novel
approach for understanding correlations between genetic
or environmental factors and physical and mental health.
As “caps” on the ends of chromosomes, telomeres are
protein complexes which protect the chromosome during
cell division. Telomeres become shorter with every cell
division, eventually limiting the cell’s lifespan. Telomerase
is an enzyme which maintains telomere length by adding
DNA base pairs (bp) to the shortened telomere, thus pro-
moting longevity of the cell [31]. Compelling evidence from
recent research suggests that one mechanism by which stress
adversely affects physical health may be related to decreased
activity of the enzyme telomerase which results in shortened
telomere length (TL) [32–35]. When telomerase activity
(TA) decreases, telomeres shorten faster than normal, which
can lead to loss of cell function or even cell death [36].
Considered to be an indicator of accelerated aging, shortened
TL and decreased TA are associated with adverse health

sequalae, such as increased overall mortality and morbidity
and increased rates of cardiovascular events, cerebrovascular
events, cancer, reduced fertility, pulmonary fibrosis, and
dementia, [35, 37–42]. Affected by dynamic changes in telom-
erase activity, TL may be a novel outcome measure of the
cumulative effects of various cellular stressors, both genetic
and environmental [31]. Changes in telomere lengthmay take
months or years to be detectable in research studies, whereas
changes in telomerase activitymay be seen overmuch shorter
periods [28]. Telomerase activity may be influenced by
nonmodifiable factors, such as age and genetic vulnerabilities,
and modifiable factors including chronic stress, oxidative
stress/inflammation, infections, and elevated cortisol, [27, 31,
36, 42, 43]. It has been theorized that increased TA may
initially occur in immune cells as a compensatory response
for extensive stress-induced shortening of telomeres and that
eventually telomerase activity decreases to subprime levels,
leading to continued accelerated aging [26].

2. Materials and Methods

An integrative review was used to examine human research
studies that focused onMDD and measures of cellular aging,
telomere length, and levels of circulating telomerase. The
search of the electronic databases PubMed/Medline and
CINAHL from their date of inception to October 2012 used
key words “depressive disorder,” “telomere,” “telomerase,”
“telomere shortening,” “telomere homeostasis,” “epigenesis,
genetic.” Hand searches were also completed using references
from previously published studies and literature reviews.
Articles that were retrieved via thesemultiple searchmethods
(𝑛 = 202) were reviewed for duplication and for whether
they met the following inclusion criteria: (1) research study
with human participants; (2) participants met diagnostic
criteria for major depressive disorder (MDD) and/or a major
depressive episode (MDE); (3) the study used quantitative
outcome measures of telomere length (TL) or telomerase
activity (TA); (4) the study reported clear methodologies for
measuring telomere length. Because MDD often presents as
multiple recurrent major depressive episodes (MDEs), we
included studies of participants reportingMDEs. In addition,
many individuals with depressive symptoms do not always
seek care and may not have received an official diagnosis of
MDD or MDE [1]; we also evaluated studies that included
participants self-reporting depressive symptoms. Figure 1
represents the process of literature selection. A total of 11
articles met these inclusion criteria and are included in this
review. Table 1 is provided as a summary of the findings.

3. Results

A summary of findings related to the association of depres-
sion with TL and/or TA may be found in Table 1. Eleven
studies evaluated these measures in participants with MDD
and/or MDEs or self-reported depression. The majority of
the studies are cross-sectional in design, with only one
longitudinal study of participants with MDD. In the ear-
lier studies (2006–2010), the Southern blot method was
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Figure 1: Flow diagram of the literature selection process.

used for measuring telomere length. However, most of the
studies were published since 2011 and used the quantitative
fluorescence in situ hybridization (qFISH) or quantitative
polymerase chain reaction (qPCR) methodologies for mea-
suring telomere length, suggesting that interest in telomere
biology and the state of the science is rapidly progressing.
Potentially complicating our analysis of the review findings,
the types of participants evaluated in the studies are quite
varied; for example, one study evaluated outpatients with
heart disease andMDD [44], another evaluated unmedicated
outpatients with MDD [18], and another evaluated hospital-
ized patients with MDD starting antidepressant medication
[45]. The primary constant among all of the studies was that
participants had either a diagnosis of MDD (8 studies) or a
previous history of MDEs/depressive symptoms (3 studies)
and telomere length was measured (all studies).

3.1. Studies of Participants withMDD. Eight studies evaluated
the association between telomere length andmajor depressive
disorder. All of the studies with the exception of one found
that participants with MDD had significantly or close to sig-
nificantly shortened telomeres compared to controls. Two of
the three studies that measured inflammation found a signif-
icant relationship between proinflammatory markers (CRP,
IL-6) and shortened telomeres in depressed participants. To
provide a chronological perspective of the studies and the
development of the science over time, each study is briefly
reviewed, in chronological order, including a discussion of
key findings and limitations.

Simon and colleagues (2006) [46] evaluated telomere
length in participants with either MDD (𝑛 = 15), bipolar
disorder with comorbid anxiety (𝑛 = 15), or bipolar disorder
without comorbid anxiety (𝑛 = 14), as compared to age-
matched controls (𝑛 = 44). Leukocyte telomere length data
was analyzed using the Southern blot method. There were
no TL differences when comparing the three types of mood
disorders, so the groups were combined for comparison
with age-matched controls. Telomere length was significantly

shorter in thosewithmood disorders compared to the control
group, with an overall mean difference of 660 base pairs (𝑡 =
3.16, 𝑃 = 0.002). This significance remained when adjusting
for age, gender, and a lifetime smoking history. Simon et al.
suggest that this mean difference reflects approximately 10
years of accelerated aging in those with a mood disorder.
Neither age nor smoking status was predictive of telomere
length. One limitation in the reporting of this study is that
it was unclear whether the age-matched controls were closely
evaluated to rule out mood disorders. Like many of the other
studies of this nature, this study was limited by a lack of
ethnic/racial diversity, no BMI data (which is known to affect
TL), and no evaluation of stress levels.

Hartmann and colleagues (2010) [45] conducted an
evaluation of the telomere length of hospitalized patients
with MDD (𝑛 = 54) who were receiving various levels
of treatment: low doses of antidepressants (𝑛 = 20), high
doses of antidepressants (𝑛 = 16), and antidepressants plus
electroconvulsive therapy (𝑛 = 18). Each of these groups
were compared to each other and to healthy age-matched
controls (𝑛 = 20). The mean leukocyte telomere length
(analyzed by Southern blot) of all of the depressed subjects
(7.20 ± 0.61 kb) was significantly shorter than the TL of the
control subjects (7.55±0.54 kb;𝑃 < 0.01); this reflects amean
difference of approximately 350 base pairs. Interestingly,
there was no correlation noted between TL and smoking
status, gender, duration or severity of depression, or number
of hospitalizations. However, consistent with other studies,
all subjects had age-dependent shortening of the telomeres
(approximately 20 base pairs per year) no matter whether
they were healthy or had depression. This data is limited in
that BMI data was not reported, 100% of the subjects were
Caucasian, and there was no evaluation of stress levels.

Similarly, findings from the study by Wolkowitz and
colleagues (2011) [18] suggest that chronicity is a key concept
in the relationship between depression and telomere length.
In this study of unmedicated individuals with MDD (𝑛 =
18) as compared to healthy age, sex, and ethnicity-matched
controls (𝑛 = 17), those who had experienced depression the
longest had significantly shorter telomeres than the control
group (𝐹 = 2.87, 𝑃 = 0.05), which corresponded to
approximately 280 base pairs or 7 years of accelerated aging.
Although there was no overall difference between groups
in terms of telomere length or measures of oxidative stress
and inflammation (IL-6 and F2-isoprostanes and Vitamin
C levels), IL-6 concentrations were inversely correlated with
telomere length in the depressed group (𝐹 = 3.29, 𝑃 < 0.05)
and was approaching significance among all participants
(𝐹 = 2.45, 𝑃 = 0.07). Wolkowitz and colleagues (2012)
[49] continued this line of research in a study of patients
completing an open-label study of sertraline (𝑛 = 16)
compared to healthy matched controls (𝑛 = 18). Baseline
telomerase activity levels were elevated in those with MDD
as compared to the controls (𝑃 = 0.007) and, similarly,
higher baseline telomerase activity was positively correlated
with higher levels of depression and stress (𝑃 < 0.05). Lower
baseline telomerase activity was correlated with improved
depression severity over time. Surprisingly, there were no
significant relationships noted between telomerase activity
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Table 1: Overview of studies: telomere length and depression.

First author,
date

Type of study,
total 𝑛 Method

TL shorter in
participants with
MDD or MDE or

depression symptoms

Mean difference in
TL, approx. years of
accelerated aging

Other findings Study
limitations

Studies of participants with MDD
Simon, 2006
[46]

Cross-section,
𝑛 = 88

LTL-Southern
blot Yes∗ 660 bps, ∼10 yrs — a, b, c

Lung, 2007
[47]

Cross-section,
𝑛 = 664

LTL-Southern
blot Yes∗ 96 bps, ∼2 yrs — a, b, c

Hartmann,
2010 [45]

Cross-section,
𝑛 = 74

LTL-Southern
blot Yes∗ 350 bps, ∼5 yrs — a, b, c

Hoen, 2011
[44]

Cross-section,
𝑛 = 952

PBMCs-qPCR Yes∗∗ 97 bps, ∼2 yrs — c

Wolkowitz,
2011 [18]

Cross-section,
𝑛 = 35

LTL-qPCR Yes∗ 280, ∼7 yrs IL6 inversely correlated with TL
in depressed pts∗ b

Malan, 2011
[48]

Cross-section,
𝑛 = 64

LTL-qPCR
BTL not associated
with development of
MDD in 3 months

— TL associated with development
of PTSD∗∗ b, d

Wolkowitz,
2012 [49]

Longitudinal,
𝑛 = 34

PBMCs
TRAPeze assay

for TA

Yes∗ (reported in
Wolkowitz 2011 [18]) 280, ∼7 yrs

BTA elevated in depression∗ and
high stress∗; lower BTA
predicted better response to
antidepressant∗; no correlation
between TA, IL6, CRP, and TL

—

Wikgren,
2012 [50]

Cross-section,
𝑛 = 542

LTL-qPCR Yes∗ 277 bps, ∼4 yrs
TL shorter and CRP higher in
MDD with low post-DST cortisol
levels∗

a, c

Studies of participants with history of MDEs or self-reported depression symptoms
Elvsashagen,
2011 [51]

Cross-section,
𝑛 = 56

PBMCs-qFISH Yes∗∗ 552 bps, ∼9 yrs — b, c, e

Shaffer, 2012
[52]

Cross-section,
𝑛 = 2225

LTL-qPCR No — — a, b, c, e

Hoen, 2013
[53]

Longitudinal,
𝑛 = 974

LTL-qPCR No — Anxiety disorder associated with
shorter TL over time∗∗ e, f

∗Significant: P < 0.05; ∗∗trend: P < 0.10.
LTL: leukocyte telomere length; BTL: baseline telomere length; BTA: baseline telomerase activity; DST: dexamethasone suppression test; qPCR: quantitative
polymerase chain reaction; qFISH: quantitative fluorescence in situ hybridization.
aUnclear if controls actually screened for MDD or controls answered in negative regarding previous diagnosis of MDD.
bFactors potentially affecting TL not evaluated/reported (stress, BMI, smoking status, physical activity, anti-inflammatory medications).
cHomogeneous group or ethnicity/races unreported.
dTesting unidirectional hypothesis (telomere length leads to development of depression).
eNo clinical diagnosis of depression (self-report of previous MDE or depression symptoms).
fBiomarkers measured at different time point than depression diagnosis.

and telomere length, nor were there correlations between
telomerase activity and measures of inflammation (IL-6,
CRP).

Hoen et al. (2011) [44] evaluated a group of older
predominantly male patients with coronary heart disease
and found that those with MDD (𝑛 = 206) had shorter
mean telomere lengths (0.86 ± 0.02 versus 0.90 ± 0.01,
𝑃 = 0.02) than those without depression (𝑛 = 746). This
difference inTL reflects approximately 2.3 years of accelerated
aging in those with depression. The finding became a trend
(𝑃 = 0.06) when controlling for characteristics that differed
between groups (age, gender, BMI, smoking status, physical
inactivity, antidepressant use, anxiety, left ventricular ejection
fraction, and statin use). A five-year follow-up found that,

although depression seemed to initially be correlated with
shorter telomeres, depression status did not predict the
subsequent shorter telomere lengths. However, this finding
is complicated by the fact that the researchers did not
evaluate depressive symptoms or diagnoses at followup, so it
is unknown whether this lack of correlation is meaningful.

Lung and colleagues (2007) [47] evaluated 253 outpa-
tients with MDD, compared to healthy controls (𝑛 = 411) for
differences in telomere length. The most significant finding
was that the group withMDD had shorter telomeres than the
control group (8.17±0.61 and 9.13±1.49, resp., 𝑡 = 11.64,𝑃 <
0.01), although potential confounders were not measured
(life stress, BMI, smoking, physical activity, and others).
Similarly, Wikgren and colleagues (2012) [50] found that
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outpatients with recurrent MDD (𝑛 = 91) had significantly
shorter leukocyte TL than healthy controls (𝑛 = 451),
adjusting for age and gender (𝑃 = 0.001; approximately 277
base pair difference). Interestingly, telomere length was not
correlated with smoking status, BMI, or C-reactive protein
levels in either group. Testing the hypothesis that long-
term chronic stress leads to a hypoactive HPA axis and
that depression is a state of chronic stress, Wikgren et al.
assessed participants’ stress with the objective measure of
a low-dose dexamethasone suppression test (DST). Of the
participants with MDD, those with low post-DST cortisol
levels had shorter TL (𝑃 = 0.007, difference of 332 base pairs),
suggesting that TL differences between MDD and healthy
participants may be related to hypocortisolemia.

The only study that did not find a correlation between
depression and telomere length was the study by Malan
et al. (2011) [48] which evaluated the relationship between
the development of MDD and leukocyte telomere length
in women who were survivors of rape, hypothesizing that
those with shorter TL would be more susceptible to the
development of MDD or PTSD. Of the 64 women in the
study, 36% (𝑛 = 23) had MDD at baseline and 41% (𝑛 =
31) had MDD at a 3-month follow-up appointment. There
was no association between relative TL and the development
of MDD and there was a nominally significant association
between TL and PTSD. This study may be limited in that it
evaluated a very specific population who had just recently
experienced a traumatic event to test a unidirectional hypoth-
esis that a shorter telomere length leads to depression. It
has been suggested in the literature that the relationship
between a mood disorder and telomere length is most
likely bidirectional, in that a stressful depressive episode
may actually lead to telomere changes and not vice versa
[21]. Furthermore, depressive symptoms may not show up
immediately in individuals recently experiencing a trauma.

3.2. Studies of Participants with Self-Reported MDEs or
Depression Symptoms. In order to understand whether self-
reported depressive symptoms alone (without a clinical
diagnosis of depression) are related to differences in telomere
length, we have included studies that involved participants
who provided self-reports of either previous depressive
episodes or depressive symptoms. Of the three studies of this
kind, one found a significant correlation between depressive
episodes and telomere length. Elvsashagen and colleagues
(2011) [51] evaluated the correlation between lifetime depres-
sive episodes and PBMC telomere length (measured with
quantitative fluorescence in situ hybridization qFISH) in
individuals with bipolar-II disorder (𝑛 = 28) as compared
with healthy age, gender, and education-matched controls
(𝑛 = 28); there was a positive correlation between the
number of depressive episodes and the percentage of short
telomeres (𝑟 = −0.35, 𝑃 = 0.02) and a trend such that
as the lifetime number of depressive episodes increased, the
mean telomere length decreased by an average of 552 bps
(𝑟 = −0.35, 𝑃 = 0.08). This is an interesting finding
which suggests that chronicity may be a key factor in the
relationship between mood disorders and telomere length.

Consistent with the concept of “kindling” (one episode of
depression increases the likelihood of another), it appears
that increased numbers of depressive episodes may enhance
the shortening of telomeres. These findings are in line with
the literature which suggests that accelerated aging occurs
due to the physiologic and psychological stress induced by
depressive episodes.

Two studies evaluated participants with self-reported
depression symptoms only (no diagnosis of MDD or aMDE)
and neither found statistically significant results. Shaffer et al.
(2012) [52] sampled apparently healthy homogeneous Nova
Scotians (𝑛 = 2225) and found that those with depressive
symptoms did not have significantly shorter TL than those
without, when adjusting for age and sex. It is important
to note that, in this study, there was no clinical diagnosis
of depression whereas the other studies reviewed here had
some method of clinician-based assessments of a depressive
disorder. Hoen et al. (2013) [53] conducted a sample of
subjects inTheNetherlands (𝑛 = 974) in which 9% had either
MDD or dysthymia. This study found that the presence of a
depressive disorder did not predict shorter telomere length at
a two-year followup (𝑃 = 0.753). As with the Shaffer study,
a limitation of this study was that the depression instrument
was self-administered and not clinically confirmed. Another
significant limitation of this study was that psychopathology
and telomere length were measured at time points separated
by multiple years and there was no repeated measure of
psychopathology.

4. Discussion

The findings from this integrated review suggest that there
is preliminary evidence to support a conceptualization of
depression as a stress-related condition in which telomeres
shorten over time in relation to cumulative exposure to the
chronic stress of depression. The majority (8 of 11) of the
studies reviewed herein found that individuals with MDD
or those with a history of MDEs/depressive symptoms have
significantly or close to significantly shortened telomeres
compared to controls, reflecting an “accelerated aging” of
approximately 2–10 years. In addition, preliminary findings
suggest a relationship between depression,markers of inflam-
mation (such as IL-6 and CRP), and telomere length. Finally,
although telomerase is known to be involved in telomere
maintenance, telomerase activity was only measured in one
study so the significance of the findings with regards to
depression is unclear.

The findings from this review are limited for a number
of reasons. First, there have been relatively few studies
focusing on major depression independent of other major
chronic illnesses and there was a variety of definitions of
depression used. Second, the majority of these are cross-
sectional which limits the ability to determine a cause-
effect relationship. Third, these studies have used a variety of
measures so it is difficult to directly compare results. Fourth
and finally, as reflected in Table 1, many of these studies
have numerous limitations such as unclear reporting about
screening/diagnosis of MDD, a lack of control for potentially
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confounding variables (e.g., stress, BMI, smoking, physical
activity, anti-inflammatory medication use), homogenous
samples or unclear reporting of ethnicities/races of samples,
testing unidirectional hypotheses, lack of a clinical diagnosis
of depression, and mismatched assessment time points of
biomarkers and depression.

Despite these limitations, the clinical implications of
telomere shortening in depression warrant attention and
future long-term studies. Although cross-sectional studies
limit the ability to determine causality and very few longitu-
dinal studies have been published at the time of this writing,
telomere length may be a clinically important objective
outcomemeasure for longitudinal intervention studies [21, 31,
33]. Individuals with stress and depression may have accel-
erated telomere shortening which has been seen in previous
nonexperimental research on individuals with psychological
stress and mood disorders. A cross-sectional study of healthy
women by Epel and colleagues (2004) [29] revealed that the
perception of high levels of stress and the chronic nature
of stress is correlated with shortened TL. Evidence from
a number of other epidemiologic studies suggests that in
cases of chronic stress and/or clinical psychological disorders,
telomerase activity decreases, thus resulting in shortened
telomeres by anywhere from 240 to 1750 bp [32, 36, 46].
While objective measures of stress and clinically diagnosed

mood disorders show correlations with shortened TL, sub-
jective cognitive perceptions of life stress also appear to be
significantly correlated with TL. High scores on the Perceived
Stress Scale (PSS) were correlated with shortened TL in
premenopausal women [34, 36]. Furthermore, participants’
self-rating of depression level has been inversely correlated
with TL, such that high levels of depression are seen in
individuals with shorter TL [43].

Future research is warranted to determine the implica-
tions of changes in TL and TA over time.The combination of
measuring TA and TLmay be relevant for use in longitudinal
studies because changes in TA may be seen within a few
days, whereas TL may take months or years to change [54].
However, an inconsistent relationship betweenTAandTLhas
been demonstrated in studies of chronic stress. Findings from
some studies suggest that TA is compensatorily induced by
stress and telomere shortening whereas others suggest that
TA is decreased in chronic stress or depression and thus TL
is shortened (see [21, 54]). Future research should continue
to account for the fact that TA and TL may be influenced by
nonmodifiable factors (e.g., age, race/ethnicity, and gender)
and, modifiable factors (e.g., stress, inflammation, infections,
elevated cortisol, BMI, and physical activity) [21]. Age, race,
and BMI are often used as covariates in studies which have
evaluated stress levels and mental health [34–36, 47, 55];
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Inflammation and 
oxidative stress

TNF-𝛼)

Figure 3: Highly simplified schema of mediators andmoderators potentially related to cell damage or dysfunction, accelerated cellular aging,
and depression.

however, the majority of the studies in this review did not
do so. Research suggests that TL is inversely related to BMI
and age [42, 56] and African Americans have longer TL than
Caucasians [42]. There is a small dose effect of age on TL
by decade before age 50 [31], where average TL shortening
during adulthood may be 30–60 bp per year [29, 33]. It is
unclear, however, whether TL should be used as a marker of
illness vulnerability versus actual ongoing disease or rather as
a reflection of the sequelae of stress involved in depression.

Considering the extant literature supporting the connec-
tion between psychosocial stress, depression, and telomere
length (see reviews such as [21, 54, 57]), it is clear that there are
interrelated pathways involved in stress and depression. Fig-
ure 2 provides a visual representation of theoretical connec-
tions between stress vulnerabilities, depression, and health
outcomes, in which the physiological changes occurring in
depression may be reflected in biomarkers of accelerated
cellular aging [9, 21, 54, 57]. For example, stress hormones and
inflammationmay be important mediators between telomere
length, depression, and stress; a recent study found that high
levels of pessimism, typical in depression, may be correlated
with shortened leukocyte telomere length and elevated levels
of IL-6 [58]. Figure 3 provides an oversimplified schema of
potential moderators and mediators involved in accelerated
cellular aging (for more details, see [59]). These models
do not depict the complex relationships between many of
these mediators but rather provide preliminary theoretical
models for testing in future research. For instance, although

shortened telomere length may reflect an accumulation of
stress with chronic depression, it may be too early to con-
fidently assert that TL may be used as a reliable biomarker
in depression and research is needed to determine whether
telomeric aging is reversible [60].Thesemodelsmay be tested
and applied in order to enhance our understanding of under-
lying mechanisms of interventions for depression and stress;
for example, recent studies suggest that mindfulness, yoga,
and relaxation techniques may be therapeutic interventions
for mitigating the effects of chronic stress and depression,
possibly preventing stress-related accelerated cellular aging
[33, 55, 61–63].

5. Conclusion

In conclusion, we have conducted an integrated review of
eleven research studies which evaluated the association of
depression with telomere length. The findings suggest that
there is preliminary evidence to support the conceptualiza-
tion of depression as a state of stress-induced accelerated
cellular aging, as represented by shortened telomeres. Despite
themultiple limitations of the various studies and considering
that it is still unclear how well telomere length may serve as
a biomarker in depression, the findings are consistent with
the literature which suggests telomere pathology is relevant
in other chronic illnesses and chronic stress. It has been
suggested that telomere shortening may be the “missing link”
for understanding morbidity and mortality in depression
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[57]. Although the state of the science may still be relatively
new in this field, TL appears to be an important novel
outcome measure to incorporate into longitudinal studies.
For the purposes of testing in future research, we have
presented a visual representation of the theoretical connec-
tion between stress vulnerabilities, depression, and health
outcomes (Figure 2) as well as a simplified schema of key
moderators and mediators involved in this conceptualization
(Figure 3). Nursing research has historically been highly
involved in investigating underlying mechanisms of and
interventions for depression. The provocative findings from
this review provide insights into the possible relationships
between depression, chronic stress, and cellular aging and
this may be a useful step towards advancing therapeutic
nursing interventions for this debilitating chronic condition.
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