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Abstract

Epigenetic mechanisms represent a link between the environment and gene function. Recent research shows how early life stress, inflammation,
and physical activity can influence gene expression through epigenetic mechanisms. Epigenetic changes—such as DNA methylation and
microRNA interference—can be measured in humans and might soon become important biological markers. Epigenetic marks can accompany
clinical assessment to measure the effectiveness of various interventions, such as exercise therapy. In addition, epigenetics is improving the
understanding of important underlying mechanisms related to the central nervous system, the opioidergic system, and stress responses.
Epigenetics is closing a gap in our explanatory abilities and should be implemented to broaden the field of rehabilitation sciences, promote a
mechanism-based clinical reasoning, and develop new treatments. In the present review, we focused on epigenetic mechanisms related to pain,
psychological factors (such as fear and anxiety), and physical activity, translating relevant findings from these 3 different, yet related, areas of

cardinal importance for clinicians.
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Epigenetics refers to those mechanisms that determine a change in
gene expression but do not alter the underlying DNA sequence
(table 1)." Epigenetic mechanisms might therefore interfere with
protein expression and function without modifying the actual code
of the gene.

One example highlighting the importance of epigenetic pro-
cesses can be found during embryonic development. Every cell in
an organism contains the same genetic code; however, different
groups of cells have distinct phenotypes that fulfill very different
functions. Cell phenotypes are determined during embryonic
development by highly regulated epigenetic mechanisms that
selectively silence some genes while allowing others to express
themselves.”

Andrea Polli is a research fellow funded by the Flanders Research Foundation. Kelly Ickmans
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Epigenetics has gained increasing attention, as many epige-
netic mechanisms are inheritable and modifiable and link gene
expression to environmental changes.* This adds an additional
layer of understanding to our current knowledge. The accumu-
lating evidence indicates that genetics cannot consistently predict
gene expression, and we now know that most chronic conditions
result from complex gene-environment interactions.”® Environ-
mental factors, such as exposure to toxic chemical elements (eg,
solvents, tobacco, drugs), diet, physical activity or inactivity, and
stressful events, are associated with altered DNA methylation—a
widely studied epigenetic mechanism.”'® For instance, a single
session of aerobic exercise can dramatically change gene
expression in over 350 genes.''

Epigenetics has already led to breakthrough findings that
contribute to our understanding of the pathogenesis of Alzheimer
disease,'” psychiatric illness,'* and cancer.'* Cancer growth and
differentiation involve alterations in the expression of several
genes. DNA in tumor cells is globally hypomethylated, thus
promoting chromosomal instability and overexpression of genes
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implicated in tumor growth.'” Likewise, genes encoding for tumor
suppressors are hypermethylated, and their expression is therefore
reduced.'” This picture represents a hallmark of most forms of
cancer and is the basis for developing future therapeutic
interventions.

Clinical sciences have yet to take up the challenge and explore
this new, exciting area. In the present review, we discuss how
epigenetics can be relevant to broadening the field of clinical and
rehabilitation sciences. More specifically, we focus on the epige-
netics of pain, psychological factors, and physical activity, trans-
lating the relevance of early findings for clinicians.

The field of rehabilitation can potentially gain considerable
benefit from combining clinical assessments with epigenetic
marker measurements. Epigenetics can be used to assess and
target underlying mechanisms—allowing us to tailor, as much as
possible, our treatments to each patient—and to measure the
biological effects of our treatments, and it might play a crucial
role in predicting treatment responses.

Epigenetic mechanisms

The best characterized epigenetic processes can be classified in 3
main categories: histone modifications and chromatin remodeling,
DNA methylation, and noncoding RNA (ncRNA) interference.
Further information on these epigenetic processes can be found in
the review carried out by Jaenisch and Bird.'°

Histone modifications refer to biochemical changes that occur
in histone proteins (see table 1).'” Histones are a group of 8
proteins around which DNA is wrapped, forming the beads-on-a-
string structure of chromatin. Modifications of histones (eg,
acetylation, phosphorylation, and methylation of histone proteins)
can induce changes in chromatin arrangement, increasing or
decreasing structural density.'® Figure | schematically illustrates
the most common mechanisms of histone modification and how
they affect chromatin rearrangement and transcription. When
chromatin is highly condensed, proteins, enzymes, and transcrip-
tion factors cannot easily access DNA; hence, transcription is
hampered. Conversely, when chromatin is less compressed, access
to DNA is facilitated, and so is transcription.

DNA methylation is arguably the most widely studied epige-
netic modification.'” A group of enzymes—the so-called DNA
methyltransferases—works to add methyl groups to DNA. Methyl
groups bound to DNA interfere with the binding of transcription
factors, which in turn silences gene expression (fig 2). More
recently, hydroxymethylation has also been described.”® Hydrox-
ymethylation reverses DNA methylation and is therefore a crucial
mechanism for reprogramming gene function.”'

List of abbreviations:

BDNF brain-derived neurotrophic factor
CNS central nervous system
HDAC histone deacetylase
HPA hypothalamic-pituitary-adrenal
miRNA microRNA
ncRNA noncoding RNA
NR3C1 nuclear receptor subfamily 3 group C member 1
OPRM1 p-opioid receptor-1
TRPV1 transient receptor potential vanilloid 1
TRPA1 transient receptor potential ankyrin 1

Another mechanism that is known to induce gene silencing is
ncRNA interference.””** The term ncRNA refers to circulating
RNA molecules that do not serve to encode functional proteins.
On the contrary, they might interfere with transcription, binding to
and degrading those RNA molecules that would normally translate
into proteins. The ncRNA family comprises several types of RNA,
namely microRNA (miRNA), small interfering RNA, and long
noncoding RNA.

These 3 mechanisms are highly interconnected. For example,
DNA methylation might impede transcription of ncRNA that
would have silenced a certain gene.”* In this case, DNA methyl-
ation would result in an increase—rather than decrease—in the
expression of that gene. Similar statements can be made about the
interconnections between miRNA and chromatin modification, as
miRNA can directly target histone deacetylases (HDACs), a group
of enzymes that remove acetyl groups from histone proteins, thus
influencing chromatin arrangement.”

Epigenetic processes are essential for the development and
functioning of normal cells. Therefore, it is important that some
epigenetic mechanisms remain stable throughout life. For
instance, helper T cells have a central role in orchestrating im-
mune responses. Once they acquire their specific immunologic
identity, they become able to release a variety of cytokines. His-
tone methylation and subsequent changes in chromatin structure
allow T cells to maintain their acquired status.”®

On the contrary, some other hugely important functions require
a combination of stable and transient, activity-dependent epige-
netic processes.”’ Synaptic plasticity and the ability to form new
neural connections are key features of our central nervous system
(CNS). Transcription factors, such as cAMP response element-
binding proteins 1 and 2°* and brain-derived neurotrophic factor
(BDNF),?? appear to be of major importance. In particular, BDNF
is related to activity-dependent long-term synaptic potentiation, a
cellular phenomenon highly related to associative learning and
memory formation.””' Epigenetic processes are required for such
functions. DNA methylation is triggered in the hippocampus
during learning, and the blocking of DNA methyltransferases or
small ncRNA interferes with memory formation.”>*

Epigenetics and pain

Several genes have been associated with different pain syndromes
and altered pain thresholds.> The catechol-O-methyltransferase
gene (a gene-regulated catecholamine degrader)’”>’; the
p-opioid receptor-1 (OPRM1) gene*®*"; genes regulating TRPV 1
and TRPA1 receptors*”*'; and BDNF*? appear to play a relevant
role. However, gene polymorphisms do not always explain gene
expression.”” Environmental factors are considered at least
equally important in the development of chronic pain.*’

A number of epigenetic processes in several CNS regions are
related to inflammatory or neuropathic pain in animals. DNA
methylation in the prefrontal cortex and amygdala is negatively
correlated with the magnitude of nociceptive sensitization after
nerve injury.** Several miRNAs are up- or downregulated in the
spinal cord and brain and are associated with hyperalgesia and
allodynia.*

Initial interesting results from clinical studies have also been
published. In painful neuropathies, miRNA expression differs
when compared with healthy controls.*® In an animal model of
visceral hypersensitivity, upregulation of one particular form of
miRNA (miR-199) was associated with inhibition of TRPV1
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Table 1  Glossary

Useful Terms Description

Gene A specific sequence of DNA that stores information needed for synthesis of RNA or proteins.

DNA sequence

A sequence of 4 different molecules, or nucleotides—namely adenine (A), guanine (G), cytosine (C), and thymine

(T)—that serve as a script to encode functional products. A single change in the DNA sequence is called an SNP.
SNPs can be benign, but in some cases can also have dramatic consequences, such as increased susceptibility to

certain diseases.
Gene expression

The process by which information from a given gene is used to express functional products, such as RNA or proteins.
Proteins that pack and order DNA within a cell’s nucleus. DNA is wrapped around multiple complexes of 8 histones each.

The process by which a given sequence of DNA is copied in an RNA sequence. If the initial DNA sequence is a gene,

transcription represents the first step of gene expression. Otherwise, the same process can produce miRNA.

Histones

Thanks to this organization, DNA length is 40,000 times shorter.
Transcription
Translation

The second step of gene expression. The information carried by the RNA sequence is read, allowing the production of a

specific amino acid chain. This sequence of amino acids then folds and gives rise to a functional protein.

Abbreviations: RNA, ribonucleic acid; SNP, single nucleotide polymorphism.

signaling and decreased hyperalgesia.*” The TRPV1 receptor is
expressed in sensory fibers; transduces noxious heat, protons, and
other chemical compounds like capsaicin; and has been exten-
sively associated with nociceptor sensitization.*' In addition, miR-
199 has a sequence complementary to TRPV1, and higher levels
of circulating miR-199 inhibit TRPV1 expression.”’ In line with
this evidence, decreased expression of miR-199 miRNA is asso-
ciated with pain in patients with irritable bowel syndrome."’

Higher methylation of the OPRMI gene is associated with
decreased expression of pi-opioid receptors and predicts pain after
spinal fusion.”> OPRMI methylation seems crucial for opioid
release regulation in acute pain and might explain why some
subjects show reduced responses to endogenous and exoge-
nous opioids.**

Patients with fibromyalgia show several differently methylated
regions in genes controlling DNA repair, synaptic signaling, and
neuronal excitability (eg, BDNF).*”° In a large longitudinal
study, Livshits et al’' used genome-wide methylation analysis to
assess epigenetic modifications in an independent dataset of 1608
twins as well as 50 identical twin pairs (ie, with identical DNA
sequences) who were discordant for chronic widespread pain.
They found associations in several genes, most notably those
related to immune functions and regulation of tumor necrosis
factor, interleukin-17, and protein kinase C. Differences in
methylation could only explain 6% of the variance; however,
genome-wide methylation was performed on stable methylation
sites that were therefore less prone to environmental influences.

Similarly, Bell et al’* studied 25 identical twins who differed in
their sensitivity to noxious heat stimuli. They analyzed the entire
epigenome of subjects, searching for differentially methylated
regions. The strongest association was found in the TRPAI gene.
The TRPAL1 receptor is well known for its role in peripheral nerve
sensitization secondary to inflammation.>

Epigenetics offers the exciting possibility of studying relevant
underlying mechanisms of chronic pain, thus allowing us to close
a gap in our explanatory abilities. One such mechanism is the
excitability of the nervous system, as it determines how noci-
ceptive and non-nociceptive stimuli are modulated. Central
sensitization—a form of maladaptive neuroplasticity that de-
termines an increase in neuronal excitability—is a key underlying
mechanism in many chronic pain conditions, such as osteoar-
thritis, fibromyalgia, chronic whiplash, postcancer pain,
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neuropathic pain, and chronic low back pain.’*”” Initial research
shows its predicting and mediating role in different chronic con-
ditions.”® Epigenetic mechanisms are understudied in relation to
central sensitization. One animal study showed that miR-7a re-
verses neuropathic pain by regulating neuronal excitability.”
Histone deacetylation also contributes to nociceptive hypersensi-
tivity, which is reversed by HDAC inhibitors.®

Finally, associations have been found between migraine and
methylation of calcitonin gene-related peptide.®' Calcitonin gene-
related peptide is a well-characterized peptide known for its role
in neuronal sensitization.®> Despite the fact that research on the
role of epigenetics in pain is in its infancy, emerging evidence
suggests that the study of epigenetics might help unravel key
elements in the field, such as vulnerability to pain.

Epigenetics of psychological factors

Psychological factors are important in the pain experience.*® Fear
of pain negatively influences physical activity®* as well as return
to work® and can play a role in the maintenance of pain symp-
toms.°® Anxiety and stress predict chronic pain in the long term
and might mediate vulnerability to pain.®”® Learning mecha-
nisms are able to facilitate and maintain a state of CNS hyper-
excitability,”” which is a predictive and mediating factor in
chronic pain.”'”"* Intriguingly, early life adversity and psycho-
logical stress during development determine higher levels of fear
and anxiety in adults’*’® and increase the risk of developing
chronic pain.”” Unraveling these mechanisms can be of crucial
importance for people who are experiencing pain.

Epigenetic mechanisms might provide the biological mecha-
nism whereby, in some subjects, fear appears to be easier to learn,
or why stress responses are enhanced in some more than others.
Fear consolidation shares various mechanisms with learning and
memory formation. Fear can, in fact, be learned through asso-
ciative learning. Using a contextual fear-conditioning paradigm,
where a novel context (in this case, a different room) was paired
with an electrical foot shock, a single 6-minute session of fear
conditioning was able to induce a rapid increase in BDNF
methylation in the hippocampus.”” This rapid increase was asso-
ciated with histone acetylation and altered gene transcription
during fear consolidation.”
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Fig1 Histone modification and its effects on DNA transcription. DNA is wrapped twice around each histone complex. How tightly it is wrapped

depends on enzymes such as histone acetyl-transferases (HATs), histone deacetylases (HDACs), histone methyltransferases (HMT), etc, which in
turn change conformation. A, HATs transfer acetyl groups to histones. DNA is repelled by acetylased histones and loosens up. Transcription
complexes (TC) and transcription factors (TF) can easily access DNA, and transcription can occur. This loosened arrangement is called euchromatin
and is commonly referred to as a beads-on-a-string structure. The final product is a single strand of RNA that will be used as a template and
translated into a functional protein. B, HDACs remove acetyl groups from histones, attracting the DNA to the histones. This causes DNA to become
tightly wrapped around histones and confers on chromatin a packed arrangement (ie, heterochromatin). Transcription factors cannot easily access
DNA, and transcription is hampered. HMTs add a methyl group (ME) to histones. However, their effects are more complex. Generally, HATs foster
heterochromatin and inhibit transcription too, but in some cases, depending on where the binding site is, they can actually promote tran-

scription. Methylation of histones should not be confused with DNA methylation.

Stress is also able to facilitate neuronal excitability and foster
central sensitization. This can occur via glial recruitment and acti-
vation’® or via hyperactivation of the hypothalamic-pituitary-adrenal
(HPA) axis and glucocorticoid release.’”* """ A systematic review of
the relation between stress and epigenetic modifications identified
significant differences in the gene methylation of mainly 3 genes:
NR3C1, BDNF, and the serotonin transporter gene solute carrier
family 6 member 4.%° NR3CI might be of particular importance for
stress responses, as it is the gene that encodes glucocorticoid syn-
thesis in the hippocampus. Early life stress decreases NR3CI
expression and increases sensitivity to stress in adult animals.”>*'
However, NR3C1 is upregulated in rats receiving high maternal
care during early development, which then mediates enhanced
glucocorticoid ~ feedback and  promotes  stress-resilient

phenotypes.””*' NR3CI promoter methylation, HPA axis respon-
siveness, and glucocorticoid levels in offspring have been correlated
with maternal anxiety during the last months of pregnancy.®” Taken
together, these data would suggest that exposure to psychological
stress might induce epigenetic changes, such as DNA methylation of
the NR3CI gene, that are in turn capable of influencing stress
responses in later life.

Thus, vulnerability to stress might be the result of repetitive
epigenetic modifications that in turn influence HPA axis response
and glucocorticoid release during stressful events. Glucocorticoids
have large effects on brain neuroplasticity and synaptic trans-
mission.®? In addition, when their release is prolonged, glial-
mediated neuroinflammation is enhanced.'®’® This, as already
mentioned, facilitates central sensitization and, possibly, pain.
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Fig 2 DNA methylation influences transcription. A, Transcription involves a series of mechanisms that allows transcription factors (TF) and
transcription complexes (TC) to bind together, open DNA, and then bind the DNA template of interest. B, From there, RNA nucleotides are added
to the DNA template to form an RNA sequence that will be complementary to the DNA template. C, However, if DNA is methylated because of the
action of DNA methyltransferases (DNMTs), TC/TF binding sites will no longer be complementary to the DNA, and transcription will stop.

New drugs have in fact been developed to specifically target
epigenetic mechanisms. These drugs mainly target histone
methylation, histone acetylation, and miRNA to regulate inflam-
mation, immune function, and HPA axis response.84’8"

Epigenetics and exercise

Exercise induces changes in DNA methylation in over 350 skeletal
muscle genes.' 187 Most of them, but not all, have been found to be
demethylated after exercise.* Interestingly, these changes are
larger in older people®” and dependent on exercise intensity.>
More intense exercise is associated with less methylation.
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Recent research has demonstrated for the first time that
muscles have an epigenetic memory that influences muscle
growth.”” A few weeks of strength training increases muscle mass
and reduces methylation levels in several genes. Some of these
genes stay hypomethylated for weeks after the end of training
even if muscle size has returned to baseline.”’ Interestingly, if
muscles undergo a second period of training (8 weeks after the end
of the first), many genes show even more rapid demethylation
afterward.”® This seems to suggest that a short strengthening
program epigenetically primes muscles and facilitates better re-
sponses to subsequent training programs.

A number of exercise-induced CNS changes have been described
as well.”' Several brain regions show exercise-induced epigenetic
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changes.”' One single session of treadmill exercise reduces histone
deacetylation in rats’” in a manner similar to the effect of HDAC
inhibitors. As mentioned, HDACs have been associated with
increased neuronal excitability.®” These findings might help explain
the well-known hypoalgesic effect of exercise.”

HDAC inhibition fosters BDNF expression as well.”* BDNF
seems to represent an essential link between exercise and brain
functions.” It increases after physical activity, mediates synaptic
plasticity, and promotes cognitive functions.”® However, BDNF
has also been associated with maladaptive plasticity and central
sensitization in people with chronic pain.”” Levels of BDNF are in
fact higher in the serum and plasma of patients with fibromyal-
gia.”® A further increase following exercise might thus explain the
worsening of symptoms seen in some patients with chronic pain.”
The aforementioned double action attributable to BDNF is
puzzling, and, to our knowledge, no study has tried to elucidate its
underlying mechanisms. Epigenetics offers an intriguing possi-
bility for targeting this issue, as the BDNF gene has a complex
structure and several ways in which it can encode proteins.'® It is
possible that different epigenetic mechanisms encode for BDNF
expression in different regions (eg, CNS or peripheral nerves) or
with different functions.

As demonstrated in healthy people, regular physical activity
induces changes in circulating cytokines as well.'” Physical ac-
tivity is associated with increased methylation of tumor necrosis
factor (a proinflammatory cytokine) and decreased methylation of
interleukin-10 (an anti-inflammatory cytokine). This suggests that
physical activity plays a positive role in regulating inflammation.

Finally, epigenetic changes after a single bout of exercise have
also been observed in some genes. For instance, peroxisome
proliferator-activated receptor gamma coactivator 1-alpha shows
rapid demethylation after exercise.®” Interestingly, the same gene is
hypermethylated in patients with diabetes. This might suggest a
novel mechanism by which exercise is beneficial for diabetic
patients.>

In summary, epigenetics is improving our understanding of the
physiology of exercise and of the susceptibility to certain dis-
eases.'”! Current evidence indicates that both a single bout of
exercise and regular physical activity induce changes in the genes
that regulate nociceptive processes, fear learning, and stress re-
sponses as well as those that are involved in the pathophysiology
of neuropathies and chronic diseases. Physical activity acts in a
manner similar to an array of drugs that targets multiple mecha-
nisms at different levels, all at once.

Future directions and challenges

In the present review, we have described the relevance epigenetics
will have for the clinical sciences in the near future. Epigenetics
might provide biological markers that can be used to assess and
target, with our treatments, the underlying mechanisms, allowing
us to tailor, as much as possible, our treatments to each patient. In
addition, epigenetics can be used to measure the biological effects
of treatments that are already widely used, such as physical
activity and exercise. Combining clinical assessments with
epigenetic marker measurements will greatly increase our under-
standing of those interventions and will hopefully confer more
importance on nonpharmacologic treatments.

Epigenetic markers might soon provide new drug targets and
mechanisms. New drugs, such as HDAC inhibitors, are currently
being tested in cancer and neurologic disorders in preclinical and

phase 1 clinical trials, with initial promising results.'®> Similarly,
innovative genome editing technologies, such as clustered regu-
larly interspaced short palindromic repeats—associated protein-9
nuclease,'”> will soon allow scientists to synthetize miRNA
capable of selectively altering gene function. Clinicians might
soon be able to take advantage of new medications and technol-
ogies to foster the implementation of their interventions. For
example, some people with chronic fatigue syndrome, fibromy-
algia, and inflammatory diseases show a worsening in symptoms
following a single bout of exercise.””'**'%> This logically con-
tributes to lower adherence to physical activity programs by these
patients.'”®'%7 Tn an attempt at improving adherence to physical
activity, research has focused on nonpharmacologic approaches,
with initial encouraging results; patient education, cognitive
behavioral therapies, and graded activity seem to increase exercise
adherence.'”*'% However, the clinical effectiveness of these ap-
proaches is not always satisfactory.''”"'"" More research exploring
nonpharmacologic treatment is clearly needed and welcome.

We would also like to suggest that new, exciting possibilities
might develop combining behavioral therapies with epigenetic-
based pharmacologic treatments. For instance, one of the
mechanisms that can at least partially explain exercise-induced
hyperalgesia in patients with chronic widespread pain is the
overreaction of the immune system to exercise.'’*'*> New drugs
and technologies might be able to manipulate gene expression and
reduce immune responses to exercise in these patients, facilitating
their engagement in physical activity, thus taking advantage of all
the beneficial effects induced by physical activity.

Scientific knowledge about epigenetics is far from compre-
hensive, and many issues remain to be investigated. Most research
on the topic has been conducted on animals and has yet to be
translated to the clinical setting. More translational research on
humans is needed to deepen our knowledge, explore the real
clinical potential, and eventually make technology more acces-
sible to labs and clinics. In addition, future research should
transfer accumulating evidence from other fields, such as the
aforementioned clinical trials investigating HDAC inhibitors in
people with cancer and neurologic disorders,'” to the fields of
pain and rehabilitation.

Finally, future research should consider some unanswered is-
sues. One such issue is the fact that epigenetic regulation is site-
specific.''? Epigenetic changes in one aspect of the body (eg, the
spinal cord) might not be reflected in another (eg, blood). As human
studies, to reduce invasiveness, assess mainly epigenetic modifica-
tions in blood or saliva,””''? research should focus on identifying
those changes that can be reliably assessed in accessible sites.

Another issue that future research needs to consider when
designing new clinical trials is temporal stability of epigenetic
markers. It has been shown that the degree of DNA methylation
stability is gene-dependent and varies from high to very low sta-
bility."'* This is important, as high within-gene variability can
potentially reduce the power of a study and should be considered
when calculating the sample size of new research. Research on
epigenetics is increasing exponentially, and we foresee that many
questions will soon be answered.

Conclusions

To conclude, we feel the need to remark that epigenetic proc-
esses—even though they might potentially be very relevant for
diagnosis, follow-up, and treatment purposes—will always remain
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secondary measures. Patient satisfaction, values, and self-reported
improvements will always be the primary and most important
endpoint and should not be replaced by any biological measure.
However, initial promising research has shown that early
biomarker measurements are able to inform clinical practice—for
instance, by predicting susceptibility to the development of sec-
ondary complications, such as epilepsy after a traumatic brain
injury.''” Given the potential that epigenetics might hold in the
near future, we would urge researchers and clinicians working in
the field of rehabilitation to be attentive to the development of this
rapidly increasing and exciting field and consider combining
clinical measures with more biological ones.
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