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Chronic pain prevalence is high worldwide and increases at older ages. Signs of
premature aging have been associated with chronic pain, but few studies have
investigated aging biomarkers in pain-related conditions. A set of DNA methylation
(DNAmM)-based estimates of age, called “epigenetic clocks,” has been proposed as
biological measures of age-related adverse processes, morbidity, and mortality. The
aim of this study is to assess if different pain-related phenotypes show alterations in
DNAm age. In our analysis, we considered three cohorts for which whole-blood DNAmM
data were available: heat pain sensitivity (HPS), including 20 monozygotic twin pairs
discordant for heat pain temperature threshold; fiboromyalgia (FM), including 24 cases
and 20 controls; and headache, including 22 chronic migraine and medication overuse
headache patients (MOH), 18 episodic migraineurs (EM), and 13 healthy subjects.
We used the Horvath’s epigenetic age calculator to obtain DNAmM-based estimates of
epigenetic age, telomere length, levels of 7 proteins in plasma, number of smoked packs
of cigarettes per year, and blood cell counts. We did not find differences in epigenetic
age acceleration, calculated using five different epigenetic clocks, between subjects
discordant for pain-related phenotypes. Twins with high HPS had increased CD8+ T cell
counts (nominal p = 0.028). HPS thresholds were negatively associated with estimated
levels of GDF15 (nominal p = 0.008). FM patients showed decreased naive CD4+ T cell
counts compared with controls (nominal p = 0.015). The severity of FM manifestations
expressed through various evaluation tests was associated with decreased levels of
leptin, shorter length of telomeres, and reduced CD8+ T and natural killer cell counts
(nominal p < 0.05), while the duration of painful symptoms was positively associated
with telomere length (nominal p = 0.034). No differences in DNAmM-based estimates
were detected for MOH or EM compared with controls. In summary, our study suggests
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that HPS, FM, and MOH/EM do not show signs of epigenetic age acceleration in whole
blood, while HPS and FM are associated with DNAmM-based estimates of immunological
parameters, plasma proteins, and telomere length. Future studies should extend these
observations in larger cohorts.

Keywords: epigenetic aging, aging biomarker, epigenetic clock, chronic pain, pain sensitivity, fibromyalgia,

headache, DNA methylation

INTRODUCTION

Chronic pain is defined as a “pain which has persisted beyond
normal tissue healing time” (1), a process that, in the absence
of additional unfavorable factors, is expected to not exceed
a period of 3 months. Chronic pain is common in both
developed and developing countries (2, 3). In 2006, a large
computer-assisted telephone survey reported that in European
countries, the prevalence of chronic pain varied from 12 to
30%, with Spain, Ireland, and UK among the countries with
the lowest prevalence, and Italy, Poland, and Norway among
those with the highest prevalence (4). These country-dependent
differences are probably triggered by multiple factors, including
differences in pain perception and treatment, lifestyle, and age of
the participants.

Accordingly, the etiology of chronic pain is multifactorial
and embraces a broad range of factors that can be grouped
in demographic, clinical, psychological, and lifestyle domains.
Risk factors for chronic pain may not only trigger the
onset of a persistent syndrome, but may also influence its
eventual manifestation, having impact on different chronic pain
dimensions like duration, localization, intensity, interference in
daily life activities, or influence on emotional state. Advanced
chronological age, female biological sex, feminine gender
identity, deprived socio-economic status, unemployment, and
adverse and unsatisfactory occupational situation are among
the demographic positive risk factors for chronic pain (5-
8). Although the reported prevalence rates tend to be higher
in developing countries, the correlation between ethnicity and
chronic pain is complex and the driving mechanisms are
not clearly determined yet (9). In addition, cultural heritage
and tradition with its practices and rituals are additional
risk agents that modulate the attitudes toward the painful
experience influencing the manifestation and/or perception of
chronic condition (10). Among the clinical risk factors, the most
pronounced one is the coexistence of another acute or chronic
pain (11). Co-morbid physical and mental disorders, surgical,
and medical interventions that have been undergone, increased
BMI, and sleep disorders are the risk agents favoring persistent
painful phenotypes (12-15). Also, several DNA variants that
may be responsible for the genetic pre-disposition to develop
pain have been identified (16). More than 150 genes have been
already associated with pain-related conditions, among which
are COMT, OPRM, SNCYA, IL6, or TNFA. The personal attitude
and beliefs, concerns, and fears stimulate the development of
the chronic pain conditions and can restrain or totally impede
the recovery, as in the case of fear-avoidance model behavior

in musculoskeletal pain disorders (17). Finally, the risk factors
connected to lifestyle are smoking, alcohol use disorders, limited
physical activity, and painogenic modern urban environment
with, for example, low sun exposure or high air pollution (18-
21). Additionally, the individual alimentary habits plausibly
contribute to development and prevention of long-lasting pain
disorders but the mechanism remains unclear (22).

As mentioned above, advanced age is a risk factor for chronic
pain and often phenotypes of pre-mature aging are observed in
patients. These manifestations of accelerated aging involve not
only structural changes in the brain, like a total and regional
decrease of gray matter (23-25), but also more systemic changes
like a decrease in peripheral blood leukocyte telomere length (26)
and increased inflammation (27-29).

Advances in recent research have led to the identification of a
limited set of biomarkers that are considered potential biological
age predictors (30), i.e., that are informative of the discrepancy
between chronological age and biological age in conditions
associated with successful (biological age deceleration) or
unsuccessful (biological age acceleration) conditions. Potential
markers of biological age include the analysis of telomere length,
a brain age predictor based on structural neuroimaging [T1-
weighted magnetic resonance imaging (MRI)], and different
types of epigenetic clocks based on the DNA methylation
(DNAm) values of specific CpG sites. In particular, epigenetic
clocks have been extensively analyzed in physiological and
pathological conditions (31) and an increase in predicted
epigenetic age compared with chronological age has been
associated to multiple conditions including neurological diseases
(32, 33), progeroid syndromes (34-36) and, although in a
less straightforward way, morbidity, and mortality (37, 38).
Epigenetic clock measurements in whole blood have been
associated with socio-cultural aspects, including education,
lifestyle, and socio-economic status (38-41) and with exposure
to stress and trauma (42, 43).

The “first generation” epigenetic clocks were developed on
the basis of the association between DNAm and chronological
age. The most used predictors were built using different training
sets, which included large datasets of multiple tissues (44), whole
blood (45), or human cell types used in ex vivo studies (35).
Recently, more sophisticated epigenetic clocks have been built
using not only chronological age but also clinical biomarkers
that are informative of the quality of aging or associated with
mortality more than age itself. The PhenoAge clock includes 10
variables (albumin, creatinine, serum glucose, C-reactive protein,
lymphocyte percent, mean cell volume, red cell distribution
width, alkaline phosphatase, white blood cell count, and age)
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(38), while the GrimAge is a composite biomarker based on the
DNAm surrogates of seven plasma proteins and of smoking pack-
years (40). Both PhenoAge and GrimAge outperformed previous
epigenetic clocks in their associations with age-related conditions
and mortality.

To the best of our knowledge, only one study investigated
epigenetic age acceleration in chronic pain (46). The authors
analyzed 20 individuals with chronic pain between 60 and 83
years and 9 age-matched controls and evaluated biological age
acceleration by calculating the difference between Horvath’s
DNAm age and chronological age. A younger epigenome
was observed in subjects that did not experience chronic
pain in the past 3 months. Individuals characterized as
emotionally stable, conscientious, and extrovert demonstrated
lower epigenetic age. Epigenetic age acceleration was shown to
be positively associated with higher experimental pain sensitivity
and negatively associated with fluid cognition and memory,
globally supporting an association between epigenetic age and
chronic pain.

The aim of the present work is to further explore the
association between epigenetic age and chronic pain, by
investigating first- and second-generation epigenetic clocks and
DNAm surrogates of plasma proteins, blood cell counts, and
telomere length in different pain-related conditions for which
methylation data are available.

MATERIALS AND METHODS

Datasets

Our work involves DNAm data from three epigenome-wide
studies investigating methylation patterns in pain-related
phenotypes: heat pain sensitivity (HPS), fibromyalgia (FM),
and headache syndromes comprising medication-overuse
headache and episodic migraine. The characteristics of the
datasets are provided in Table S1 and are summarized in the
following paragraphs.

Heat Pain Sensitivity

The HPS dataset was acquired through Gene Expression
Omnibus (GEO) NCBI repository (http://www.ncbi.nlm.nih.
gov/geo/) under accession number GSE53128 (47). It includes
DNAm data generated using the Infinium Human Methylation
450K BeadChip on whole blood from female monozygotic
twins discordant for HPS, belonging to the British TwinsUK
collection (48). Methylation data were available for 43 whole-
blood samples. Three subjects were not considered in the
analysis due to missing data and unfeasibility to assign them
unequivocally to one of the phenotypic classes, thus leaving 20
twin pairs. The individuals ranged in age between 47 and 76 years
old. The heat pain suprathreshold (HPST) scores were obtained
with quantitative sensory testing (QST) and discordance was
defined as a minimum difference of 2°C within the twin pairs.
On the basis of HPST values, we assigned each participant to
one of two phenotypic groups: high pain sensitivity (H), i.e.,
siblings with lower HPST values compared with their co-twin;
low pain sensitivity (L), i.e., siblings with higher HPST values
compared with their co-twin. The analysis of the HPS dataset

was performed considering the entire cohort or dividing it into
two subsets, including subjects younger than 60 years old (8 twin
pairs) or older than 60 years old (12 twin pairs).

Fimbromyalgia

The FM dataset was retrieved from GEO NCBI repository under
accession number GSE85506 (49). This pilot study assessed
whole-blood DNAm in female patients with FM using the
Infinium Human Methylation 450K BeadChip. It includes 24
cases and 23 age- and sex-matched controls recruited from
the Brazilian population. The age range of the cohort was
19-80 years old. One healthy subject was not included in
the analysis due to missing information on chronological
age. Patients were classified as cases after neurological and
psychiatric evaluation, verifying differential diagnosis according
to current gold standard guidelines. In addition, FM-positive
individuals were clinically characterized with a battery of
tests and questionnaires: McGill Pain Questionnaire assessing
sensory, affective, evaluative dimension of pain (MPQ_sensory,
MPQ_affective, and MPQ_evaluative); Visual Analog Scale
(VAS) reflecting the pain intensity; Brief Pain Inventory (BPI)
evaluating the interference of painful experience with daily
activities (total score) and registering the dosage and efficacy
of pharmaceutical treatment (7th item of BPI questionnaire);
FM Impact Questionnaire (FIQ) examining the impact of pain
on different health domains; Pain Catastrophizing Scale (PCS)
measuring a tendency to exaggerated negative attitudes in
response to noxious stimuli. Three cases had missing values for
the duration time of painful symptoms.

Headache

The Headache dataset is part of an exploratory GWAS
longitudinal study on Italian subjects with painful cephalic
phenotypes (50). According to the criteria defined by the
International Headache Society 3rd edition (beta version), during
the clinical examination, all participants were assigned to one
of the following phenotypic groups: (i) chronic migraine and
medication overuse headache patients (MOH), (ii) episodic
migraine patients (EM), and (iii) healthy controls (HC). In this
work, we focused on DNAm data collected at baseline time point
(T0), which included 22 MOH (20 females, 2 males), 18 EM (17
females, 1 male), and 13 HC (8 females, 5 males). The age range
of the subjects was between 24 and 69 years old. Whole-blood
DNAm patterns were assessed by the Illumina Infinium Human
Methylation EPIC BeadChip.

Data Pre-processing

Raw data files (.idat format) from the three studies were
downloaded and separately pre-processed using minfi package
within Rstudio software (version 3.5.1) in Linux environment.
minfi package provides tools for the analysis of Infinium DNA
Methylation microarrays and can handle both 450k and EPIC
arrays (Aryee et al., 2014; Fortin et al., 2017). The pre-processing,
quality control, and normalization steps were implemented as
recommended by Maksimovic et al. (51). Probes with a detection
p-value higher than 0.05 were recognized as failed. Only samples
with at least 95% of successfully assessed probes were retained
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and probes that did not reach significant detection p-values in at
least 99% of samples were filtered out. According to these filtering
criteria, all the samples from the three cohorts were retained,
while 3,493, 2,034, and 4,773 probes were removed in HPS, FM,
and MOH/EM datasets, respectively.

Calculation of DNAm Estimates

DNAm estimates were calculated using the New DNA
Methylation Age Calculator, an open access tool available
at  https://dnamage.genetics.ucla.edu/  (44). Pre-processed
methylation data were first normalized by the preprocessQuantile
function implemented in minfi R package, as suggested in the
Horvath’s tutorial. Then, beta values matrixes were uploaded in
the online tool, selecting the options “Advanced Analysis” and
“Normalize Data,” as recommended in the software tutorial.
Horvath’s epigenetic age calculator returned as output a set
of variables including different measures of biological age in
blood and of epigenetic age acceleration in blood, DNAm-based
surrogate biomarkers of seven plasma proteins, an estimate
of smoking cigarette pack per year (these eight measures are
components of GrimAge prediction), and an estimate of telomere

length and predictions of blood cell counts. Table 1 provides
a detailed list and description of DNAm-based measures that
were used for statistical analysis in our work. Two subjects
were filtered out in FM dataset as they had outlier values
for DNAmAge estimate (values below Q1 - 1.5IQR or above
Q3 + 1.5IQR, where QI and Q3 are first and third quartile,
respectively, and IQR refers to interquartile range), reducing
the total number of analyzed samples to 44 (24 cases and 20
controls). No outlier was found in the case of HPS and MOH/EM
cohorts and all samples were retained.

Statistical Analysis

Different methods of calculating biological age acceleration have
been applied so far (El Khoury et al., 2019). Multiple linear
regression (MLR) has been used to examine the influence of the
disease status on DNAm age, correcting for chronological age
and additional potential confounders. Alternatively, comparison
of residuals of DNAm age regressed on chronological age (two-
stage residual-outcome regression analysis, 2SR) has been largely
used, although in genetic association studies, it has been shown

TABLE 1 | List of variables calculated by the new DNA methylation age calculator available online at https://dnamage.genetics.ucla.edu/.

Variable name Variable description

DNAmMAge DNAm age estimate based on methylation of 353 CpG sites described by Horvath (44)

DNAmAgeHannum DNAm age estimate based on methylation of 71 CpG sites described by Hannum et al. (45)

DNAmAgeSkinBloodClock DNAm age estimate (based on methylation of 391 CpG sites) for human fibroblasts, keratinocytes, buccal cells, endothelial
cells, lymphoblastoid cells, skin, blood, and saliva samples; developed by Horvath (44)

DNAmMPhenoAge DNAm-based estimate of phenotypic age (38)

DNAMGrimAge DNA methylation age model build on eight DNAmM based measures (DNAMADM, DNAMB2M, DNAMCystatinC,
DNAMGDF15, DNAmLeptin, DNAMPACKYRS, DNAmMPAI1, DNAMTIMP1), chronological age and sex (52)

DNAMTL DNAm-based estimate of telomere length (53)

DNAMADM DNAm-based prediction of plasma levels of adrenomedullin—a vasodilator peptide hormone (53)

DNAMB2M DNAm-based prediction of plasma levels of beta-2 microglobulin—a component of major histocompatibility complex class
1 (MHC ) molecular (52)

DNAmMCystatinC DNAm-based prediction of plasma levels of cystatin C or (cystatin 3)—formerly called gamma trace, post-gamma-globulin,
or neuroendocrine basic polypeptide (52)

DNAMGDF15 DNAm-based prediction of plasma levels of GDF-15—growth differentiation factor 15 (52)

DNAmLeptin DNAm-based prediction of plasma levels of leptin—a hormone pre-dominantly present in adipose cells (52)

DNAmMPAI1 DNAm-based prediction of plasma levels of plasminogen activator inhibitor antigen type 1 (PAI-1)—the major inhibitor of
tissue-type plasminogen activator and unokinase plasminogen activator (52)

DNAMTIMP1 DNAm-based prediction of plasma levels of TIMP-1 or TIMP metallopeptidase inhibitor 1—a tissue inhibitor of
metallo-proteinases (52)

DNAMPACKYRS DNAm-based prediction of a number of pack of cigarettes during year (52)

cD8T DNAm-based estimate of CD8T cells, expressed as ordinal abundance measures (54)

cDAT DNAm-based estimate of CD4 T cells, expressed as ordinal abundance measures (54)

CD8.naive DNAm-based estimate of naive CD8T cells, expressed as ordinal abundance measures (55, 56)

CD4.naive DNAm-based estimate of naive CD4 T cells, expressed as ordinal abundance measures (55, 56)

CD8pCD28nCD45RAN DNAm-based estimate of exhausted cytotoxic T defined as CD8+, CD28—, and CD45R- cells, expressed as ordinal
abundance measures (55, 56)

NK DNAm-based estimate of natural killer cells, expressed as ordinal abundance measures (54)

Beell DNAm-based estimate of B cells, expressed as ordinal abundance measures (54)

Mono DNAm-based estimate of monocytes, expressed as ordinal abundance measures (54)

Gran DNAm-based estimate of granulocytes, expressed as ordinal abundance measures (54)

PlasmaBlast DNAm-based estimate of plasma blasts, expressed as ordinal abundance measures (55, 56)
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that this method can lead to bias (Demissie and Cupples, 2011),
and this could be true also in the case of epigenetics. To achieve
consistent results, in this work, we have conducted parallel
analyses and, for each of the epigenetic estimates listed in Table 1,
we have compared the phenotypic groups using MLR or 2SR.

More specifically, in the first approach (MLR), the differences
in each epigenetic variable among the phenotypic groups were
examined building a linear regression model correcting for
chronological age: Im(Epigenetic_variable ~ Group + Age). For
HPS twin cohort, the lmer function from the ImerTest R package
was used to build a linear mixed model, including family
as a random effect: Imer(Epigenetic_variable ~ Group + Age
+ (1/Family)).

In the second approach (2SR), each of the variables
was adjusted for chronological age by building a linear
regression model on the control group (healthy subjects
in FM and MOH/EM cohorts, siblings with lower HPS
in the HPS cohort)): Im(Epigenetic_variable[control_group] ~
Age[control_group]. This regression model was then applied

TABLE 2 | Results of statistical hypothesis testing comparing discordant MZ twins
with high and low heat pain sensitivity, using the MLR approach correcting for
chronological age, and including family as a random effect.

Epigenetic Coefficient P-value P-value P-value
Variable LocAdjBH GlobAdjBH
DNAmAge 0.862 0.376 0.571 0.958
DNAmMAgeHannum 1.779 0.1683 0.449 0.942
DNAmAgeSkinBloodClock  0.789 0.381 0.571 0.958
DNAmMPhenoAge 1.925 0.158 0.449 0.942
DNAmMGrimAge 0.611 0.318 0.571 0.958
DNAMTL —0.020 0.331 0.571 0.958
DNAMADM 4.194 0.168 0.449 0.942
DNAMB2M 14611.748 0.410 0.579 0.967
DNAmMCystatinC 3930.380 0.377 0.571 0.958
DNAMGDF15 —43.823 0.150 0.449 0.942
DNAmLeptin 1124.843 0.313 0.571 0.958
DNAmMPAI1 733.414 0.189 0.455 0.942
DNAMTIMP1 20.035 0.877 0.915 0.995
DNAMPACKYRS 0.710 0.613 0.736 0.995
cD8T —0.022 0.028 0.449 0.942
CD4T —0.002 0.902 0.915 0.995
CD8.naive -0.612 0.915 0.915 0.995
CD4.naive —29.158 0.072 0.449 0.942
CD8pCD28nCD45RAN —0.592 0.451 0.601 0.967
NK —0.006 0.597 0.736 0.995
Beell —0.009 0.118 0.449 0.942
Mono 0.002 0.703 0.803 0.995
Gran 0.033 0.098 0.449 0.942
PlasmaBlast 0.068 0.074 0.449 0.942

The columns report the value of MLR coefficient (“Coefficient”), the corresponding nominal
p-value (“P-value”), the p-value corrected with Benjamini—-Hochberg procedure for multiple
tests locally—within a single cohort (“P-value LocAdjBH"), and globally—within all the
cohorts included in the study (“P-value GlobAdjBH"). Significant p-values are reported
in bold.

to both cases and controls to predict the epigenetic variable
under investigation and calculate the chronological age-
corrected residuals. Finally, residuals were compared among the
phenotypic groups using parametric Student’s t-test, or paired
Student’s ¢-test in the case of HPS twin cohort.

Prior to hypothesis testing, the distribution of epigenetic
variables was tested using the ggggplot function in the ggpubr
R package. According to visual inspection of the plots (data
not shown), none of the variables violated the assumption
of normality.

Power calculation for MLR and 2SR approaches was
performed using the pwr.t.test function from the pwr R package
(the powerSim function from simr R package was used for linear
mixed models in the HPS cohort). As expected, given the small
size of the cohorts, power tended to be low for most of the
epigenetic variables; this was true especially for the 2SR approach,
as previously reported (Che et al., 2012).

Finally, we calculated the association between DNAm-
based estimates and continuous clinical variables related to

TABLE 3 | Results of association analysis between epigenetic measurements and
HPST values in the HPS cohort, correcting for chronological age, and including
family as a random effect.

Epigenetic Coefficient  P-value P-value P-value
variable LocAdjBH GlobAdjBH
DNAmMAge 0.038 0.872 0.947 0.995
DNAmAgeHannum 0.231 0.452 0.947 0.967
DNAmMPhenoAge 0.135 0.677 0.947 0.995
DNAmAgeSkinBloodClock 0.093 0.671 0.947 0.995
DNAmMGrimAge 0.143 0.332 0.947 0.958
DNAMADM 0.874 0.182 0.947 0.942
DNAMB2M —882.527 0.831 0.947 0.995
DNAmMCystatinC 452.914 0.648 0.947 0.995
DNAMGDF15 —16.463 0.007 0.159 0.757
DNAmLeptin 394.685 0.113 0.947 0.942
DNAmMPAI1 190.268 0.126 0.947 0.942
DNAMTIMP1 —7.918 0.777 0.947 0.995
DNAMPACKYRS 0.243 0.483 0.947 0.991
DNAMTL 0.000 0.985 0.985 0.995
cD8T —0.001 0.646 0.947 0.995
CcD4T 0.001 0.807 0.947 0.995
CD8.naive —0.163 0.908 0.947 0.995
CD4.naive —4.764 0.246 0.947 0.958
CD8pCD28nCD45RAN  —0.153 0.417 0.947 0.967
NK —0.001 0.750 0.947 0.995
Beell 0.000 0.725 0.947 0.995
Mono 0.000 0.781 0.947 0.995
Gran 0.002 0.630 0.947 0.995
PlasmaBlast 0.007 0.389 0.947 0.958

The columns report the value of regression coefficient (“Coefficient”), the corresponding
nominal p-value (“P-value”), the p-value corrected with Benjamini-Hochberg procedure
for multiple tests locally—within a single cohort (“P-value LocAdjBH"), and globally—
within all the cohorts included in the study (“P-value GlobAdjBH”). Significant p-values
are reported in bold.
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FIGURE 1 | Epigenetic age difference (Horvath’'s DNAmAge — chronological age) adjusted for chronological age in the phenotypic groups in (A) HPS, (B) FM, and (C)
MOH/EM cohorts. Reported p-values are from MLR analysis, as described in the Materials and Methods section.

HC MOH HC EM
Phenotype Group

painful phenotypes, correcting for chronological age. In the
HPS cohort, HPST values were considered and a linear
mixed model was built, including family as a random effect:
Imer(Epigenetic_variable ~ HPST + Age + (1/Family)). In the FM
cohort, several clinical variables (duration of painful symptoms,
MPQ, VAS, BPI FIQ, and PCS scores) were considered as follows:
Im(Epigenetic_variable ~ Clinical_variable 4 Age).

The results from all the analyses described above were
corrected with Benjamini-Hochberg procedure for multiple
tests: “locally”—within a single cohort and “globally”—within all
the cohorts included in the study. The statistical significance level
in all hypothesis tests was defined as o = 0.05.

All the analyses were conducted using R software (version
3.6.0 in Linux environment).

RESULTS

In our analysis, we considered three datasets of pain-related
conditions: HPS, FM, and headache (MOH/EM). The
characteristics of each dataset are summarized in Table S1.
In each dataset, we analyzed a series of variables returned by
the Horvath’s epigenetic age calculator, including (1) different
measures of epigenetic age (DNAmAge, DNAmAgeHannum,
DNAmAgeSkinBloodClock, DNAmPhenoAge, GrimAge); (2)
a DNAm-based estimate of telomere length (DNAmTL); (3)
DNAm surrogates of components that contribute to GrimAge
(abundance of adrenomedullin, DNAmADM; abundance of
beta-2 microglobulin, DNAmB2M; abundance of cystatin
C, DNAmCystatinC; abundance of growth differentiation
factor 15, DNAmGDF15; abundance of leptin, DNAmLeptin;
abundance of plasminogen activator inhibitor antigen type
1, DNAmPAI]; abundance of metallopeptidase inhibitor 1,
DNAMTIMPI; predicted number of pack of cigarettes during

p-value = 0.007

1200 =
n
v i Grou
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€ 10004 B
< —
5 L
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T
42.5 45.0

PainTemp

FIGURE 2 | Association of HPST value and DNAMGDF15 in HPS cohort (L,
twins with lower heat pain sensitivity; H, with higher heat pain sensitivity). The
p-value of a mixed linear model correcting for age and using family as a
random effect is reported.

year, DNAmPACKYRS); and (4) DNAm-based predictions
of blood cell counts (CD8T cells, CDS8T; CD4T cells,
CDA4T; naive CD8T cells, CD8.naive; naive CD4T cells,
CD4.naive; joined estimation of CD8+, CD28-, and CD45RA-
T cells, CD8pCD28nCD45RAn; natural killer cells, NK; B
cells, Bcell; monocytes, Mono; granulocytes, Gran; plasma
blasts, PlasmaBlast).

As described in the section Materials and Methods, we used
two different approaches to compare the epigenetic variables
listed above among the phenotypic groups within each dataset.
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In the first approach (MLR), we performed a MLR analysis
correcting for chronological age. In the second approach (2SR),
we compared the residuals of the epigenetic variable regressed
on chronological age in control subjects within each dataset.
Although the latter method has been largely used in the analysis
of Horvath’s clocks results, it has been associated to bias and loss
of power in genetic association studies (Che et al., 2012; Demissie
and Cupples, 2011). Accordingly, also in our datasets, the power
was higher for the MLR approach compared with 2SR. For this
reason, we provide the results of MLR in the main text and report
those of the 2SR in Supplementary Materials.

Heat Pain Sensitivity

Twenty monozygotic female twin pairs discordant for HPST
were analyzed. The scatterplots of epigenetic estimates of age,
DNAmGrimAge components, and blood cell counts against
chronological age are reported respectively in Figures S$1-S3. The
results of the comparison between the twins with lower and
higher HPST (using the MLR approach and including family
as a random effect, see Materials and Methods) are reported

TABLE 4 | Results of statistical hypothesis testing comparing FM patients and
healthy individuals (HC), using the MLR approach correcting for chronological age.

Epigenetic variable  Coefficient  P-value P-value P-value
LocAdjBH GlobAdjBH
DNAmAge —2.168 0.449 0.963 0.967
DNAmMAgeHannum 1.109 0.717 0.963 0.995
DNAmAgeSkinBloodClock —0.662 0.814 0.963 0.995
DNAmMPhenoAge —0.971 0.736 0.963 0.995
DNAmMGrimAge —0.449 0.692 0.963 0.995
DNAMTL 0.030 0.676 0.963 0.995
DNAMADM 4.512 0.280 0.963 0.958
DNAMB2M —4734.247 0.889 0.969 0.995
DNAmMCystatinC —10037.097 0.180 0.963 0.942
DNAMGDF15 —1.171 0.979 0.979 0.995
DNAmLeptin —536.235 0.684 0.963 0.995
DNAmMPAI1 —59.495 0.940 0.979 0.995
DNAMTIMP1 —47.894 0.843 0.963 0.995
DNAMPACKYRS —1.560 0.649 0.963 0.995
cD8T 0.010 0.422 0.963 0.967
CD4T 0.009 0.610 0.963 0.995
CD8.naive 13.099 0.360 0.963 0.958
CD4.naive 67.771 0.025 0.599 0.942
CD8pCD28nCD45RAN  —0.330 0.753 0.963 0.995
NK -0.017 0.171 0.963 0.942
Beell —0.006 0.415 0.963 0.967
Mono 0.002 0.750 0.963 0.995
Gran —0.007 0.788 0.963 0.995
PlasmaBlast 0.047 0.361 0.963 0.958

The columns report the value of MLR coefficient (“Coefficient”), the corresponding nominal
p-value (“P-value”), the p-value corrected with Benjamini—-Hochberg procedure for multiple
tests locally—within a single cohort (“P-value LocAdjBH"), and globally—within all the
cohorts included in the study (“P-value GlobAdjBH"). Significant p-values are reported
in bold.

in Table 2. No differences in epigenetic age acceleration were
found between discordant twins (Figure 1A and Table 2). When
considering nominal p-values, we found significant differences
in estimates of CD8+ T blood cell counts (nominal p =
0.028; Table 2; Figure S3A): high pain sensitivity siblings showed
decreased levels of CD8+ T cells compared with their co-twin.
After correction for multiple tests, the difference in CD8+ T cells
did not remain significant.

We next considered the cohort as a whole, without dividing
the twins according to HPST, and calculated the associations
between HPST and epigenetic estimates using mixed model
adjusted on age and including family as a random effect (Table 3).
HPSTs were negatively associated with DNAmGDF15 (nominal p
= 0.007; Table 3; Figure 2A). After correction for multiple tests,
this association was no longer significant.

The subjects analyzed in the study by Cruz-Almeida et al.
were older than 60 years. Thus, in order to make our results
more comparable to those already published, we divided the HPS
cohort in two subsets: twin pairs younger and older than 60
years old.

Twin pairs with age above 60 years old (12 couples)
presented significant differences in DNAmAgeHannum age
estimates (nominal p = 0.021; Table S2), and subjects with higher
HPS were found to be epigenetically younger compared with
their siblings. In the same subset, discordant twins differed
in predicted CD8+ T and B cell counts (nominal p = 0.001
and 0.044, respectively; Table S2), with both estimates increased
in more sensitive individuals. Only the difference in predicted
CD8+ T cell counts was significant after correction for multiple
tests (BH adjusted p = 0.033). No significant associations
between epigenetic variables and HPST values were found in this
subset (Table S3).

In the subset with subjects younger than 60 years old,
DNAmGDF15 estimates were found to be significantly higher
among siblings with lower HPST (nominal p = 0.026; Table S2).
Association analysis confirmed negative relationship between

TABLE 5 | Results of association analysis between epigenetic measurements and
continuous clinical data related to phenotypes in FM cohort, correcting for
chronological age.

Clinical Epigenetic Coefficient P-value P-value P-value
variable variable LocAdjBH GlobAdjBH
BPI_interference  DNAmLeptin —239.733  0.006 0.851 0.757
VAS DNAmLeptin  —327.578  0.013 0.851 0.942
MPQ_evaluative =~ DNAmMTL —0.183 0.013 0.851 0.942
BPLinterference  CD8T —0.002 0.016 0.851 0.942
Duration of painful DNAMTL 0.022 0.034 0.992 0.942
symptoms

PCS NK —0.001 0.048 0.992 0.942

Only the associations with significant nominal p-values are reported. The columns report
the value of the regression coefficient (“Coefficient”), the corresponding nominal p-value
(“P-value”), the p-value corrected with Benjamini-Hochberg procedure for multiple tests
locally—within a single cohort (“P-value LocAdjBH"), and globally—within all the cohorts
included in the study (“P-value GlobAdjBH").
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HPST and DNAmMGDF15 in this data subset (rnominal p =
0.002; Table S3). The latter association remained significant after
multiple tests correction (BH adjusted p = 0.040).

The results obtained using 2SR approach were comparable to
those presented above and are reported in Table S4, S5.

The power analysis outcomes for MLR and 2SR approaches
are reported in Tables S6, S7, respectively.

Fibromyalgia

Twenty-four FM female cases and 20 sex- and age-matched
controls that passed the quality control steps were analyzed.
The scatterplots of epigenetic estimates of age, DNAmGrimAge
components, and blood cell counts against chronological age are
presented, respectively, in Figures $4-S6. In MLR analysis, we
did not find differences in epigenetic age acceleration comparing
FM patients and healthy subjects (Figure 1B and Table 4).
The two phenotypic groups differed, however, in the ordinal
abundance measure of naive CD4+ T cells adjusted by age,
which was significantly lower, at the nominal level, in the affected
individuals (nominal p = 0.025; Table 4; Figure S6D). The results
obtained with 2SR approach were comparable to those of the
MLR approach and are reported in Table S8.

Investigation of associations between a set of clinical data
and the epigenetic estimates, correcting for chronological age,
revealed significant negative association of BPI_interference
with DNAmLeptin (nominal p = 0.006; Table 5; Figure 3A)
and with predicted CD8+ T cell counts (nominal p = 0.016;
Table 5; Figure 3B). The VAS score was also negatively associated
with DNAmLeptin (nominal p = 0.013; Table 5; Figure 3C).
MPQ_evaluative score was negatively associated with DNAmTL
(nominal p = 0.013; Table 5; Figure 3D). Duration of painful
symptoms expressed in years and DNAmTL were found to be

positively associated (nominal p = 0.034; Table 5; Figure 3E).
Finally, a negative association was found between PCS and
abundance in NK cells (nominal p = 0.048; Table 5; Figure 3F).
None of these associations remained significant after correction
for multiple tests.

The outcomes of power calculation for FM dataset are
reported in Tables S9, S10.

Headache
Twenty-two MOH patients, 18 EM cases, and 13 HC controls
were analyzed. The scatterplots of epigenetic estimates of age,
DNAmGrimAge components, and blood cell counts against
chronological age are reported, respectively, in Figures S7-S9.
MLR did not reveal any significant difference in epigenetic
age acceleration, DNAm surrogates comprised in GrimAg, and
estimates of telomere length and blood cell counts, between
MOH and HC cases or between EM and HC cases (Figure 1C
and Table 6). 2SR provided comparable results (Table S11).

The outcomes of power calculation for MOH/EM dataset are
reported in Tables S12, S13.

DISCUSSION

In this study, we analyzed methylation-based estimates of
biological aging in three pain-related conditions, for which
genome-wide DNAm data were available: HPS, FM, and
medication overuse headache/episodic migraine (MOH/EM). In
none of the three cohorts did we find evidences of epigenetic age
acceleration associated to pain.

So far, only Cruz-Almeida et al. investigated the association
between Horvath’s epigenetic clock and chronic pain (46). The
authors reported higher epigenetic age acceleration, expressed as

A p-value = 0.006 B p-value = 0.016

C p-value = 0.013
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FIGURE 3 | Significant associations between clinical data related to painful phenotype and epigenetic measurements in FM cohort: (A) BPI_interference score vs.
DNAmLeptin estimates, (B) VAS score vs. DNAmLeptin estimates, (C) MPQ_evaluative score vs. DNAMTL, (D) BPI_interference score vs. CD8T estimates, (E)
Duration of painful symptoms vs. DNAMTL estimates, (F) PCS score vs. NK cells estimates. p-values of a linear model correcting for age are reported.
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@ TABLE 6 | Results of statistical hypothesis testing comparing MOH patients, EM patients, and healthy individuals (HC), using the MLR approach correcting for chronological age.
MOH vs. HC EMvs. HC MOH vs. EM
Epigenetic Coefficient P-value P-value P-value Coefficient P-value P-value P-value Coefficient P-value P-value P-value
variable LocAdjBH  GlobAdjBH LocAdjBH  GlobAdjBH LocAdjBH  GlobAdjBH
DNAmMAge 0.066 0.954 0.968 0.995 2.157 0.199 0.606 0.942 2.354 0.091 0.721 0.942
DNAmMAgeHannum —1.708 0.378 0.824 0.958 1.975 0.313 0.751 0.958 0.701 0.712 0.912 0.995
DNAmMAgeSkinBloodClock  0.539 0.610 0.915 0.995 0.023 0.986 0.986 0.995 1.009 0.331 0.721 0.958
DNAmMPhenoAge 0.211 0.896 0.968 0.995 0.902 0.662 0.962 0.995 1.869 0.281 0.721 0.958
DNAmMGrimAge —0.785 0.583 0.915 0.995 1.598 0.175 0.606 0.942 0.855 0.493 0.845 0.994
DNAMTL 0.031 0.531 0.915 0.995 —0.007 0.903 0.985 0.995 0.011 0.798 0.912 0.995
DNAMADM 0.155 0.968 0.968 0.995 -1.918 0.678 0.962 0.995 —0.166 0.956 0.956 0.995
DNAmMB2M —35367.502 0.210 0.682 0.942 6664.817 0.832 0.962 0.995 —34406.624 0.195 0.721 0.942
DNAmMCystatinC —6991.375 0.227 0.682 0.945 353.046 0.953 0.986 0.995 —4276.995 0.349 0.721 0.958
DNAMGDF15 —8.906 0.860 0.968 0.995 10.909 0.842 0.962 0.995 —5.230 0.905 0.945 0.995
DNAmLeptin —2140.873 0.297 0.771 0.958 2859.149 0.199 0.606 0.942 1191.950 0.361 0.721 0.958
DNAmMPAI1 —1622.909 0.101 0.682 0.942 1178.540 0.389 0.847 0.958 —266.931 0.755 0.912 0.995
DNAMTIMP1 —79.089 0.542 0.915 0.995 —43.855 0.741 0.962 0.995 —57.791 0.672 0.912 0.995
DNAMPACKYRS 1.707 0.681 0.961 0.995 4.488 0.189 0.606 0.942 4.935 0.188 0.721 0.942
cD8T —0.015 0.123 0.682 0.942 0.014 0.220 0.606 0.945 —0.002 0.845 0.922 0.995
CD4T —0.003 0.792 0.968 0.995 0.023 0.206 0.606 0.942 0.014 0.337 0.721 0.958
CD8.naive 1.768 0.862 0.968 0.995 2.456 0.823 0.962 0.995 2.767 0.768 0.912 0.995
CD4.naive 43.989 0.146 0.682 0.942 13.125 0.680 0.962 0.995 45.008 0.105 0.721 0.942
CD8pCD28nCD45RAN 0.901 0.198 0.682 0.942 —-1.173 0.117 0.606 0.942 —-0.182 0.789 0.912 0.995
NK —0.014 0.1562 0.682 0.942 0.003 0.823 0.962 0.995 —0.009 0.309 0.721 0.958
Beell 0.007 0.321 0.771 0.958 0.003 0.630 0.962 0.995 0.012 0.048 0.721 0.942
Mono —0.004 0.427 0.853 0.967 —0.008 0.227 0.606 0.945 —0.008 0.120 0.721 0.942
Gran 0.030 0.106 0.682 0.942 —0.036 0.210 0.606 0.942 —0.008 0.723 0.912 0.995
PlasmaBlast 0.002 0.964 0.968 0.995 —0.039 0.424 0.847 0.967 —0.036 0.431 0.796 0.967

The columns report the value of MLR coefficient (“Coefficient”), the corresponding nominal p-value (“P-value”), the p-value corrected with Benjamini-Hochberg procedure for multiple tests locally—within a single cohort (“P-value
LocAdjBH”), and globally—within all the cohorts included in the study (“P-value GlobAdjBH"). Significant p-values are reported in bold.
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difference between DNAmAge and chronological age, among 20
participants (age range: 60-83 years old) with persistent painful
symptoms during the past 3 months compared with healthy age-
matched controls. The study also showed significant negative
partial correlations, accounting for age, sex, and race, between
heat pain thresholds and epigenetic age. In a subsequent study,
authors reported in the same cohort an association between
brain age acceleration, predicted by structural neuroimaging,
and chronic pain, but not with heat pain thresholds (57).
It is worth to be noted that brain age acceleration was not
observed in a similar group of chronic pain patients using
any kind of pain remedies (58). This result suggests that the
association between biomarkers of biological age and pain-
related conditions is not obvious and that it can be modulated
by several factors, including, for example, the use of medications
(59). Thus, the differences between our results and those reported
by Cruz-Almeida et al. (46) could be at least in part due to
the different pain-related conditions evaluated. Furthermore,
it should be noted that most of the subjects included in
the FM and in the MOH/EM cohorts were younger than 60
years old, the lowest age in the cohort assessed by Cruz-
Almeida et al. The HPS study included a larger number of
subjects older than 60 years, but also when we considered this
subset of twins, no age acceleration was observed in high pain
sensitivity subjects.

It is worth to be noted that the HPS cohort does not involve a
pathological phenotype, but is rather representative of differences
naturally occurring within a population of individuals of different
ages. Nevertheless, this cohort has been successfully used to
identify epigenetic changes in the pain gene TRPAI [(47), p. 1],
which have been confirmed in independent studies involving
chronic pain patients (60). Several studies investigated if and
how heat pain perception changes throughout the life (61-68),
but they did not converge to consistent conclusions (62, 69, 70).
In our analysis of HPS cohort, we observed a non-significant
trend toward lower epigenetic ages in the high pain sensitivity
twins. This trend was more marked after 60 years old, when
age acceleration calculated by the DNAmAgeHannum predictor
was significantly lower in the high pain sensitivity group. At the
same time, when considering the cohort as a whole, we observed
a non-significant trend toward an inverse association between
epigenetic age acceleration (concordantly for all the five clocks)
and HPST, similarly to what was observed by Cruz-Almeida
etal. (57).

The second cohort that we considered includes female patients
suffering from FM, one of the best-studied centralized pain
conditions. As firstly proposed and summarized by Hassett et al.
(71), FM patients show signs of premature aging, including
a decrease in cognitive (72) and physical (73) condition,
gray matter atrophy (74, 75) and a trend toward telomere
shortening in leukocytes (76). In the latter study, subjects
with higher pain intensities and more severe depression had
shorter telomeres compared to milder phenotypes. In our
cohort, on the contrary, no differences in DNAmTL were
found between FM patients and healthy controls, and on the
contrary, the duration of painful symptoms was positively
associated with DNAmMTL. One explanation for this observation

is that patients experiencing painful symptoms for a longer
time have also a longer history of medication use that can have
attenuated age-associated telomere shortening, as previously
suggested (77).

Finally, the third cohort that we considered in our study
includes patients with MOH and EM. Also in this case, evidences
in literature suggest the presence of age-related biological
manifestations in the disease. Migraine patients tend to display
thinner brain cortex compared with control subjects and this
abnormal process seems to become more prominent with
advanced chronological age (78, 79). Ren and colleagues reported
significantly reduced telomere length among patients suffering
from migraine compared with healthy controls (80), while a
relationship between migraine and mitochondrial dysfunction
has been largely described (81, 82).

Although our results do not provide evidence on acceleration
of biological age expressed by epigenetic clocks, we identified a
number of additional DNAm-based measures that are associated
(mainly at the nominal level of significance) with pain-related
phenotypes and that could reflect other alterations that are not
captured by the clocks.

In the HPS dataset, we found higher age-adjusted estimates of
blood CD8+ T cells counts in twins with high HPS compared
with their siblings. This difference was more marked in the
subgroup of subjects older than 60 years, where an increase in
B cells was also observed. The reasons for this observation are
unclear, but possibly related to a different inflammatory status of
the co-twins. Changes in predicted blood cell counts were also
found in the FM dataset, in which we observed a decrease in
predicted CD4+ naive cells in patients and an inverse association
between CD8+ T cells and NK cells and the severity of the disease
symptoms, assessed as BPI_interference and PCS. Collectively,
these results sustain the role of the immune system in pain-
related conditions (83).

In the HPS cohort, HPST was negatively associated with
DNAmGDF15 levels. Multiple reports showed that plasma
levels of GDF15 increase with age (84, 85). Interestingly,
GDF15 expression increased in dorsal spinal cord of rats
with neuropathic pain (86) and higher serum levels of this
protein were detected among myalgic encephalomyelitis/chronic
fatigue syndrome patients when compared with healthy subjects
(87). In the same study, GDFI5 levels were shown to
be positively associated with severity of disorder symptoms
including fatigue and pain. Thus, our results support the
hypothesis that increased levels of GDF15 could contribute to
pain sensitivity.

Finally, increased DNAmLeptin levels were associated with
less severe FM symptoms. Current data on leptin levels in
pain-related conditions are controversial, possible due to high
fluctuations in day-to-day leptin measurements (88). One study
demonstrated that women with FM serum leptin levels are
positively associated with the experience of pain (88). On the
contrary, an independent study reported significantly reduced
leptin levels in serum of Egyptian FM women compared with
controls (89) and researches on animal models of nephropathies
suggested that leptin may exert neuroprotective activity and bring
pain relief (90-92).
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In conclusion, in this paper, we investigated a set of DNAm
estimates informative of biological age and of age-related
parameters in different pain-related conditions. We did not find
evidences of pain-related acceleration in epigenetic age, while
we reported some changes in predicted blood cell counts and
plasma protein levels. The main strength of our work is that it
addresses a research question—the relationship between aging
and chronic pain—which has been poorly investigated so far. We
implemented a comprehensive approach to analyze age-related
DNAm variables in various types of pain-related conditions.
However, we are aware that our study has some limitations.
The analyzed cohorts had small sample sizes and the statistical
power tended to be low, possibly preventing to reach statistically
significant results. Furthermore, the study missed replication
datasets for each pain-related condition, on which the observed
outcomes could be validated. Therefore, additional studies in
independent cohorts are required to better characterize chronic
pain conditions by epigenetic biomarkers of age.

DATA AVAILABILITY STATEMENT

The datasets analyzed for this study can be found in Gene
Expression Omnibus (GEO) NCBI repository (http://www.ncbi.
nlm.nih.gov/geo/) accession number GSE53128.

AUTHOR CONTRIBUTIONS

KK, PG, and CP contributed to the conception and design of
the study. HK, DA, RT, GG, SC, GP, and PC organized the
databases. KK, MB, and CS performed the statistical analysis.
KK, MB, PG, and CP wrote the manuscript. All authors
contributed to manuscript revision, and read and approved the
submitted version.

FUNDING

This project has received funding from the European
Union’s Horizon 2020 research and innovation programme
under the Marie Sklodowska-Curie Grant Agreement No.
721841 PainNET.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpubh.
2020.00172/full#supplementary-material

REFERENCES

1. Merskey H, Bogduk N(Eds.). IASP Task Force on Taxonomy, Part III: Pain
Terms, A Current List with Definitions and Notes on Usage. Seattle, WA: IASP
Press (1994). p. 209-14.

2. Sa KN, Moreira L, Baptista AE, Yeng LT, Teixeira M]J, Galhardoni R, et al.
Prevalence of chronic pain in developing countries: systematic review and
meta-analysis. Pain Rep. (2019) 4:¢779. doi: 10.1097/PR9.0000000000000779

3. Tsang A, Von Korff M, Lee S, Alonso ], Karam E, Angermeyer MC,
et al. Common chronic pain conditions in developed and developing

Figure S1 | Associations between chronological age and DNAm-based biological
age estimates in MZ twins discordant on heat pain sensitivity (L, twins with lower;
H, with higher heat pain sensitivity): (A) DNAmAgeHorvath, (B)
DNAmAgeHannum, (C) DNAmPhenoAge, (D) DNAmMAgeSkinBloodClock, (E)
DNAmMGrimAge, (F) DNAMTL. P-values of linear regressions are reported for H
and L twins separately.

Figure S2 | Associations between chronological age and DNAm surrogates of
components contributing to DNAMGrimAge in MZ twins discordant on heat pain
sensitivity (L, twins with lower; H, with higher heat pain sensitivity): (A) DNAMADM,
(B) DNAMB2M, (C) DNAmMCystatinC, (D) DNAMGDF15, (E) DNAmLeptin, (F)
DNAmMPAI1, (G) DNAMTIMP1, (H) DNAMPACKYRS. P-values of linear regressions
are reported for H and L twins separately.

Figure S3 | Associations between chronological age and DNAm-based
predictions of blood cell counts in MZ twins discordant on heat pain sensitivity (L,
twins with lower; H with higher heat pain sensitivity): (A) CD8T, (B) CD4T, (C)
CD8.naive, (D) CD4.naive, (E) CD8pCD28nCD45RAN, (F) NK, (G) Beell, (H)
Mono, (I) Gran, (J) PlasmaBlast. P-values of linear regressions are reported for H
and L twins separately.

Figure S4 | Associations between chronological age and DNAm-based biological
age estimates in FM and HC samples: (A) DNAmAgeHorvath, (B)
DNAmAgeHannum, (C) DNAmMPhenoAge, (D) DNAmMAgeSkinBloodClock, (E)
DNAmMGrimAge, (F) DNAMTL. P-values of linear regressions are reported for FM
and HC samples.

Figure S5 | Associations between chronological age and DNAm surrogates of
components contributing to DNAMGrimAge in FM and HC samples: (A)
DNAmMADM, (B) DNAMB2M, (C) DNAMCystatinC, (D) DNAMGDF15, (E)
DNAmLeptin, (F) DNAmMPAI1, (G) DNAMTIMP1, (H) DNAMPACKYRS. P-values of
linear regressions are reported for FM and HC samples.

Figure S6 | Associations between chronological age and DNAm-based
predictions of blood cell counts in FM and HC samples: (A) CD8T, (B) CD4T, (C)
CD8.naive, (D) CD4.naive, (E) CD8pCD28nCD45RAN, (F) NK, (G) Beell, (H)
Mono, (I) Gran, (J) PlasmaBlast in FM cohort. P-values of linear regressions are
reported for FM and HC samples.

Figure S7 | Associations between chronological age and DNAm-based biological
age estimates in MOH, EM and HC samples: (A) DNAmAgeHorvath, (B)
DNAmAgeHannum, (C) DNAmMPhenoAge, (D) DNAmMAgeSkinBloodClock, (E)
DNAmMGrimAge, (F) DNAMTL. P-values of linear regressions are reported for
MOH, EM and HC samples.

Figure S8 | Associations between chronological age and DNAm surrogates of
components contributing to DNAMGrimAge in MOH, EM and HC samples: (A)
DNAmMADM, (B) DNAMB2M, (C) DNAMCystatinC, (D) DNAMGDF15, (E)
DNAmLeptin, (F) DNAMPAI1, (G) DNAMTIMP1, (H) DNAMPACKYRS in MOH/EM
cohort. P-values of linear regressions are reported for MOH, EM and

HC samples.

Figure S9 | Associations between chronological age and DNAmM-based
predictions of blood cell counts in MOH, EM and HC samples: (A) CDS8T, (B)
CD4T, (C) CD8.naive, (D) CD4.naive, (E) CD8pCD28nCD45RAN, (F) NK, (G)
Bceell, (H) Mono, (1) Gran, (J) PlasmaBlast in MOH/EM cohort. P-values of linear
regressions are reported for MOH, EM and HC samples.

countries: gender and age differences and comorbidity with depression-
anxiety disorders. J Pain. (2008) 9:883-91. doi: 10.1016/j.jpain.2008.05.005

4. Breivik H, Collett B, Ventafridda V, Cohen R, Gallacher D. Survey of chronic
pain in Europe: prevalence, impact on daily life, and treatment. Eur ] Pain.
(2006) 10:287-333. doi: 10.1016/j.ejpain.2005.06.009

5. Brekke M, Hjortdahl P, Kvien TK. Severity of musculoskeletal pain:
relations to socioeconomic inequality. Soc Sci Med. (2002) 54:221-8.
doi: 10.1016/50277-9536(01)00018-1

6. Fayaz A, Croft P, Langford RM, Donaldson LJ, Jones GT. Prevalence
of chronic pain in the UK: a systematic review and meta-analysis of

Frontiers in Public Health | www.frontiersin.org

11

May 2020 | Volume 8 | Article 172

1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253

1254


http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/articles/10.3389/fpubh.2020.00172/full#supplementary-material
https://doi.org/10.1097/PR9.0000000000000779
https://doi.org/10.1016/j.jpain.2008.05.005
https://doi.org/10.1016/j.ejpain.2005.06.009
https://doi.org/10.1016/S0277-9536(01)00018-1
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311

Kwiatkowska et al.

Epigenetic Age in Pain

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

population studies. BMJ Open. (2016) 6:e010364. doi: 10.1136/bmjopen-2015-
010364

. Greenspan JD, Craft RM, LeResche L, Arendt-Nielsen L, Berkley KJ, Fillingim

RB, et al. Studying sex and gender differences in pain and analgesia: a
consensus report. Pain. (2007) 132:526-45. doi: 10.1016/j.pain.2007.10.014

. Teasell RW, Bombardier C. Employment-related factors in chronic

pain and chronic pain disability. Clin ] Pain. (2001) 17:S39-45.

doi: 10.1097/00002508-200112001-00010

. Campbell CM, Edwards RR. Ethnic differences in pain and pain management.

Pain Manag. (2012) 2:219-30. doi: 10.2217/pmt.12.7

Free MM. Cross-cultural conceptions of pain and pain control. Proceedings.
(2002) 15:143-5. doi: 10.1080/08998280.2002.11927832

Elliott AM, Smith BH, Hannaford PC, Smith WC, Chambers WA. The course
of chronic pain in the community: results of a 4-year follow-up study. Pain.
(2002) 99:299-307. doi: 10.1016/S0304-3959(02)00138-0

Dominick CH, Blyth FM, Nicholas MK. Unpacking the burden:
understanding the relationships between chronic pain and comorbidity in the
general population. Pain. (2012) 153:293-304. doi: 10.1016/j.pain.2011.09.018
Gan TJ. Poorly controlled postoperative pain: prevalence, consequences, and
prevention. J Pain Res. (2017) 10:2287-98. doi: 10.2147/JPR.S144066

Hitt HC, McMillen RC, Thornton-Neaves T, Koch K, Cosby AG. Comorbidity
of obesity and pain in a general population: results from the southern pain
prevalence study. J Pain. (2007) 8:430-6. doi: 10.1016/j.jpain.2006.12.003
Jank R, Gallee A, Boeckle M, Fiegl S, Pieh C. Chronic pain and
sleep disorders in primary care. Pain Res Treat. (2017) 2017:9081802.
doi: 10.1155/2017/9081802

Veluchamy A, Hébert HL, Meng W, Palmer CNA, Smith BH. Systematic
review and meta-analysis of genetic risk factors for neuropathic pain. Pain.
(2018) 159:825-48. doi: 10.1097/j.pain.0000000000001164

Rainville J, Smeets RJEM, Bendix T, Tveito TH, Poiraudeau S, Indahl
AJ. Fear-avoidance beliefs and pain avoidance in low back pain-
translating research into clinical practice. Spine J. (2011) 11:895-903.
doi: 10.1016/j.spinee.2011.08.006

Johnson MI. The landscape of chronic pain: broader perspectives. Medicina.
(2019) 55:182. doi: 10.3390/medicina55050182

Maleki N, Tahaney K, Thompson BL, Oscar-Berman M. At the intersection of
alcohol use disorder and chronic pain. Neuropsychology. (2019) 33:795-807.
doi: 10.1037/neu0000558

Mior S. Exercise in the treatment of chronic pain. Clin ] Pain. (2001) 17:S77-
85. doi: 10.1097/00002508-200112001-00016

Weingarten TN, Moeschler SM, Ptaszynski AE, Hooten WM, Beebe TJ,
Warner DO. An assessment of the association between smoking status, pain
intensity, and functional interference in patients with chronic pain. Pain
Physician. (2008) 11:643-53.

Mills SEE, Nicolson KP, Smith BH. Chronic pain: a review of its epidemiology
and associated factors in population-based studies. BJA: Br ] Anaesth. (2019)
123:€273-83. doi: 10.1016/j.bja.2019.03.023

Cauda E Palermo S, Costa T, Torta R, Duca S, Vercelli U, et al. Gray matter
alterations in chronic pain: a network-oriented meta-analytic approach.
NeuroImage Clin. (2014) 4:676-86. doi: 10.1016/j.nic1.2014.04.007

Fjell AM, Walhovd KB. Structural brain changes in aging: courses,
causes and cognitive consequences. Rev Neurosci. (2010) 21:187-221.
doi: 10.1515/REVNEURO.2010.21.3.187

Smallwood RF, Laird AR, Ramage AE, Parkinson AL, Lewis J, Clauw DJ, et al.
Structural brain anomalies and chronic pain: a quantitative meta-analysis
of gray matter volume. ] Pain. (2013) 14:663-75. doi: 10.1016/j.jpain.2013.
03.001

Sibille KT, Chen H, Bartley EJ, Riley JI, Glover TL, King CD, et al.
Accelerated aging in adults with knee osteoarthritis pain: consideration for
frequency, intensity, time, and total pain sites. Pain Rep. (2017) 2:591.
doi: 10.1097/PR9.0000000000000591

Groven N, Fors EA, Reitan SK. Patients with fibromyalgia and chronic fatigue
syndrome show increased hsCRP compared to healthy controls. Brain Behav
Immun. (2019) 81:172-7. doi: 10.1016/j.bbi.2019.06.010

Lasselin J, Kemani MK, Kanstrup M, Olsson GL, Axelsson ], Andreasson
A, et al. Low-grade inflammation may moderate the effect of behavioral
treatment for chronic pain in adults. J Behav Med. (2016) 39:916-24.
doi: 10.1007/s10865-016-9769-z

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Teodorczyk-Injeyan JA, Triano JJ, Injeyan HS. Nonspecific low back pain:
inflammatory profiles of patients with acute and chronic pain. Clin ] Pain.
(2019) 35:818-25. doi: 10.1097/AJP.0000000000000745

Jylhdva ], Pedersen NL, Hagg S. Biological age predictors. EBioMedicine.
(2017) 21:29-36. doi: 10.1016/j.ebiom.2017.03.046

Horvath S, Raj K. DNA methylation-based biomarkers and the
epigenetic clock theory of ageing. Nat Rev Genet. (2018) 19:371-84.
doi: 10.1038/541576-018-0004-3

Horvath S, Ritz BR. Increased epigenetic age and granulocyte counts
in the blood of Parkinson’s disease patients. Aging. (2015) 7:1130-42.
doi: 10.18632/aging.100859

Levine ME, Lu AT, Bennett DA, Horvath S. Epigenetic age of the pre-
frontal cortex is associated with neuritic plaques, amyloid load, and
Alzheimer’s disease related cognitive functioning. Aging. (2015) 7:1198-211.
doi: 10.18632/aging.100864

Horvath S, Garagnani P, Bacalini MG, Pirazzini C, Salvioli S, Gentilini D, et al.
Accelerated epigenetic aging in down syndrome. Aging Cell. (2015) 14:491-5.
doi: 10.1111/acel. 12325

Horvath S, Oshima J, Martin GM, Lu AT, Quach A, Cohen H, et al. Epigenetic
clock for skin and blood cells applied to hutchinson gilford progeria syndrome
and ex vivo studies. Aging. (2018) 10:1758-75. doi: 10.18632/aging.101508
Maierhofer A, Flunkert ], Oshima J, Martin GM, Haaf T, Horvath S.
Accelerated epigenetic aging in werner syndrome. Aging. (2017) 9:1143-52.
doi: 10.18632/aging.101217

Fransquet PD, Wrigglesworth ], Woods RL, Ernst ME, Ryan J. The epigenetic
clock as a predictor of disease and mortality risk: a systematic review and
meta-analysis. Clin Epigenetics. (2019) 11:62. doi: 10.1186/s13148-019-0656-7
Levine ME, Lu AT, Quach A, Chen BH, Assimes TL, Bandinelli S, et al.
An epigenetic biomarker of aging for lifespan and healthspan. Aging. (2018)
10:573. doi: 10.18632/aging.101414

Fiorito G, Polidoro S, Dugué PA, Kivimaki M, Ponzi E, Matullo G, et al.
Social adversity and epigenetic aging: a multi-cohort study on socioeconomic
differences in peripheral blood DNA methylation. Sci Rep. (2017) 7:16266.
doi: 10.1038/541598-017-16391-5

Quach A, Levine ME, Tanaka T, Lu AT, Chen BH, Ferrucci L, et al. Epigenetic
clock analysis of diet, exercise, education, and lifestyle factors. Aging. (2017)
9:419-46. doi: 10.18632/aging.101168

Zhao W, Ammous E Ratliff S, Liu J, Yu M, Mosley TH, et al. Education
and lifestyle factors are associated with DNA methylation clocks in older
african americans. Int | Environ Res Public Health. (2019) 16:E3141.
doi: 10.3390/ijerph16173141

Wolf EJ, Maniates H, Nugent N, Maihofer
Ratanatharathorn A, et al. Traumatic
methylation age: a meta-analysis. Psychoneuroendocrinology.
92:123-34. doi: 10.1016/j.psyneuen.2017.12.007

Wolf EJ, Logue MW, Morrison FG, Wilcox ES, Stone A, Schichman
SA, et al. Posttraumatic psychopathology and the pace of the epigenetic
clock: a longitudinal investigation. Psychol Med. (2019) 49:791-800.
doi: 10.1017/S0033291718001411

Horvath S. DNA methylation age of human tissues and cell types. Genome
Biol. (2013) 14:R115. doi: 10.1186/gb-2013-14-10-r115

Hannum G, Guinney J, Zhao L, Zhang L, Hughes G, Sadda S, et al. Genome-
wide methylation profiles reveal quantitative views of human aging rates. Mol
Cell. (2013) 49:359-67. doi: 10.1016/j.molcel.2012.10.016

Cruz-Almeida Y, Sinha P, Rani A, Huo Z, Fillingim RB, Foster T.
Epigenetic aging is associated with clinical and experimental pain in
community-dwelling older adults. Mol Pain. (2019) 15:1744806919871819.
doi: 10.1177/1744806919871819

Bell JT, Loomis AK, Butcher LM, Gao F, Zhang B, Hyde CL, et al. Differential
methylation of the TRPA1 promoter in pain sensitivity. Nat Commun. (2014)
5:2978. doi: 10.1038/ncomms3978

Moayyeri A, Hammond CJ, Valdes AM, Spector TD. Cohort profile:
twinsUK and healthy ageing twin study. Int | Epidemiol. (2013) 42:76-85.
doi: 10.1093/ije/dyr207

Ciampi de Andrade D, Maschietto M, Galhardoni R, Gouveia G, Chile
T, Victorino Krepischi AC, et al. Epigenetics insights into chronic pain:
DNA hypomethylation in fibromyalgia—a controlled pilot-study. Pain. (2017)
158:1473. doi: 10.1097/j.pain.0000000000000932

AX, Armstrong D,
stress and accelerated DNA
(2018)

Frontiers in Public Health | www.frontiersin.org

May 2020 | Volume 8 | Article 172

1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368


https://doi.org/10.1136/bmjopen-2015-010364
https://doi.org/10.1016/j.pain.2007.10.014
https://doi.org/10.1097/00002508-200112001-00010
https://doi.org/10.2217/pmt.12.7
https://doi.org/10.1080/08998280.2002.11927832
https://doi.org/10.1016/S0304-3959(02)00138-0
https://doi.org/10.1016/j.pain.2011.09.018
https://doi.org/10.2147/JPR.S144066
https://doi.org/10.1016/j.jpain.2006.12.003
https://doi.org/10.1155/2017/9081802
https://doi.org/10.1097/j.pain.0000000000001164
https://doi.org/10.1016/j.spinee.2011.08.006
https://doi.org/10.3390/medicina55050182
https://doi.org/10.1037/neu0000558
https://doi.org/10.1097/00002508-200112001-00016
https://doi.org/10.1016/j.bja.2019.03.023
https://doi.org/10.1016/j.nicl.2014.04.007
https://doi.org/10.1515/REVNEURO.2010.21.3.187
https://doi.org/10.1016/j.jpain.2013.03.001
https://doi.org/10.1097/PR9.0000000000000591
https://doi.org/10.1016/j.bbi.2019.06.010
https://doi.org/10.1007/s10865-016-9769-z
https://doi.org/10.1097/AJP.0000000000000745
https://doi.org/10.1016/j.ebiom.2017.03.046
https://doi.org/10.1038/s41576-018-0004-3
https://doi.org/10.18632/aging.100859
https://doi.org/10.18632/aging.100864
https://doi.org/10.1111/acel.12325
https://doi.org/10.18632/aging.101508
https://doi.org/10.18632/aging.101217
https://doi.org/10.1186/s13148-019-0656-7
https://doi.org/10.18632/aging.101414
https://doi.org/10.1038/s41598-017-16391-5
https://doi.org/10.18632/aging.101168
https://doi.org/10.3390/ijerph16173141
https://doi.org/10.1016/j.psyneuen.2017.12.007
https://doi.org/10.1017/S0033291718001411
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.1016/j.molcel.2012.10.016
https://doi.org/10.1177/1744806919871819
https://doi.org/10.1038/ncomms3978
https://doi.org/10.1093/ije/dyr207
https://doi.org/10.1097/j.pain.0000000000000932
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424

1425

Kwiatkowska et al.

Epigenetic Age in Pain

50. Terlizzi R, Bacalini MG, Pirazzini C, Giannini G, Pierangeli G, Garagnani 71. Hassett AL, Clauw DJ, Williams DA. Premature aging in fibromyalgia. Curr
P, et al. Epigenetic DNA methylation changes in episodic and chronic Aging Sci. (2015) 8:178-85. doi: 10.2174/1874609808666150727112214
migraine. Neurol Sci. (2018) 39 (Suppl. 1):67-8. doi: 10.1007/s10072-018- 72. Rodriguez-Andreu J, Ibaniez-Bosch R, Portero-Vazquez A, Masramon X, Rejas
3348-8 ], Gélvez R. Cognitive impairment in patients with fibromyalgia syndrome as

51. Maksimovic J, Phipson B, Oshlack A. A cross-package bioconductor assessed by the mini-mental state examination. BMC Musculoskelet Disord.
workflow for analysing methylation array data. F1000Research. (2016) 5:1281. (2009) 10:162. doi: 10.1186/1471-2474-10-162
doi: 10.12688/f1000research.8839.2 73. Jones ], Rakovski C, Rutledge D, Gutierrez A. A comparison of women with

52. Lu AT, Quach A, Wilson JG, Reiner AP, Aviv A, Raj K, et al. DNA methylation fibromyalgia syndrome to criterion fitness standards: a pilot study. J Aging
GrimAge strongly predicts lifespan and healthspan. Aging. (2019) 11:303-27. Phys Act. (2015) 23:103-11. doi: 10.1123/JAPA.2013-0159
doi: 10.18632/aging.101684 74. Kuchinad A, Schweinhardt P, Seminowicz DA, Wood PB, Chizh BA,

53. Lu AT, Seeboth A, Tsai P-C, Sun D, Quach A, Reiner AP, et al. DNA Bushnell MC. Accelerated brain gray matter loss in fibromyalgia
methylation-based estimator of telomere length. Aging. (2019) 11:5895-923. patients: premature aging of the brain? J Neurosci. (2007) 27:4004-7.
doi: 10.18632/aging.102173 doi: 10.1523/JNEUROSCI.0098-07.2007

54. Houseman EA, Accomando WP, Koestler DC, Christensen BC, 75. Robinson ME, Craggs JG, Price DD, Perlstein WM, Staud R. Gray matter
Marsit CJ, Nelson HH, et al. DNA methylation arrays as surrogate volumes of pain related brain areas are decreased in fibromyalgia syndrome. J
measures of cell mixture distribution. BMC Bioinformatics. (2012) 13:86. Pain. (2011) 12:436-43. doi: 10.1016/j.jpain.2010.10.003
doi: 10.1186/1471-2105-13-86 76. Hassett AL, Epel E, Clauw DJ, Harris RE, Harte SE, Kairys A, et al. Pain is

55. Horvath S, Gurven M, Levine ME, Trumble BC, Kaplan H, Allayee H, et al. associated with short leukocyte telomere length in women with fibromyalgia.
An epigenetic clock analysis of race/ethnicity, sex, and coronary heart disease. J Pain. (2012) 13:959-69. doi: 10.1016/j.jpain.2012.07.003
Genome Biol. (2016) 17:171. doi: 10.1186/s13059-016-1030-0 77. Prasad KN, Wu M, Bondy SC. Telomere shortening during aging: attenuation

56. Horvath S, Levine AJ. HIV-1 infection accelerates age according to the by antioxidants and anti-inflammatory agents. Mech Ageing Dev. (2017)
epigenetic clock. ] Infect Dis. (2015) 212:1563-73. doi: 10.1093/infdis/ 164:61-6. doi: 10.1016/j.mad.2017.04.004
jiv277 78. Chong CD, Dodick DW, Schlaggar BL, Schwedt TJ. Atypical age-related

57. Cruz-Almeida Y, Fillingim RB, Riley JL, Woods AJ], Porges E, Cohen cortical thinning in episodic migraine. Cephalalgia. (2014) 34:1115-24.
R, et al. Chronic pain is associated with a brain aging biomarker doi: 10.1177/0333102414531157
in community-dwelling older adults. Pain. (2019) 160:1119-30. 79. Magon S, May A, Stankewitz A, Goadsby PJ, Schankin C, Ashina
doi: 10.1097/j.pain.0000000000001491 M, et al. Cortical abnormalities in episodic migraine: a multi-center

58. Soros P, Bantel C. Chronic non-cancer pain is not associated with accelerated 3T MRI study. Cephalalgia. (2019) 39:665-73. doi: 10.1177/03331024187
brain aging as assessed by structural MRI in patients treated in specialized 95163
outpatient clinics. Pain. (2019). doi: 10.1097/j.pain.0000000000001756 80. Ren H, Collins V, Fernandez-Enright E Quinlan S, Griffiths L, Choo K.

59. Cruz-Almeida Y, Cole J. Pain aging, and the brain: new pieces to a complex Shorter telomere length in peripheral blood cells associated with migraine
puzzle. Pain. (2019). doi: 10.1097/j.pain.0000000000001757 in women. Headache. (2010) 50:965-72. doi: 10.1111/j.1526-4610.2010.

60. Sukenaga N, Ikeda-Miyagawa Y, Tanada D, Tunetoh T, Nakano S, Inui 01693.x
T, et al. Correlation between DNA methylation of TRPA1 and chronic 81. DongX, GuanX, ChenK, Jin S, Wang C, Yan L, et al. Abnormal mitochondrial
pain states in human whole blood cells. Pain Med. (2016) 17:1906-10. dynamics and impaired mitochondrial biogenesis in trigeminal ganglion
doi: 10.1093/pm/pnv088 neurons in a rat model of migraine. Neurosci Lett. (2017) 636:127-33.

61. Edwards RR, Fillingim RB, Ness TJ. Age-related differences in doi: 10.1016/j.neulet.2016.10.054
endogenous pain modulation: a comparison of diffuse noxious inhibitory 82. Yorns WR, Hardison HH. Mitochondrial dysfunction in migraine. Semin
controls in healthy older and younger adults. Pain. (2003) 101:155-65. Pediatr Neurol. (2013) 20:188-93. doi: 10.1016/j.spen.2013.09.002
doi: 10.1016/S0304-3959(02)00324-X 83. Laumet G, Ma J, Robison AJ, Kumari S, Heijnen CJ, Kavelaars A. T cells as an

62. El-Tumi H, Johnson MI, Tashani OA. An experimental investigation of the emerging target for chronic pain therapy. Front Mol Neurosci. (2019) 12:216.
effect of age and sex/gender on pain sensitivity in healthy human participants. doi: 10.3389/fnmol.2019.00216
Open Pain J. (2018) 11:41-51. doi: 10.2174/1876386301811010041 84. Conte M, Ostan R, Fabbri C, Santoro A, Guidarelli G, Vitale G, et al. Human

63. Heft MW, Robinson ME. Age Differences in Orofacial Sensory Thresholds. J aging and longevity are characterized by high levels of mitokines. ] Gerontol A
Dent Res. (2010) 89:1102-5. doi: 10.1177/0022034510375287 Biol Sci Med Sci. (2019) 74:600-7. doi: 10.1093/gerona/gly153

64. Helme RD, Meliala A, Gibson SJ. Methodologic factors which contribute to 85. Lehallier B, Gate D, Schaum N, Nanasi T, Lee SE, Yousef H, et al. Undulating
variations in experimental pain threshold reported for older people. Neurosci changes in human plasma proteome profiles across the lifespan. Nat Med.
Lett. (2004) 361:144-6. doi: 10.1016/j.neulet.2003.12.014 (2019) 25:1843-50. doi: 10.1038/s41591-019-0673-2

65. Lue Y-J, Wang H-H, Cheng K-I, Chen C-H, Lu Y-M. Thermal pain tolerance 86. Cao S, Yuan J, Zhang D, Wen S, Wang J, Li Y, et al. Transcriptome changes in
and pain rating in normal subjects: gender and age effects. Eur J Pain. (2018) dorsal spinal cord of rats with neuropathic pain. J Pain Res. (2019) 12:3013-23.
22:1035-42. doi: 10.1002/ejp.1188 doi: 10.2147/JPR.S219084

66. Magerl W, Krumova EK, Baron R, Télle T, Treede R-D, Maier C. Reference 87. Melvin A, Lacerda E, Dockrell HM, O’Rahilly S, Nacul L. Circulating levels of
data for quantitative sensory testing (QST): refined stratification for age and GDF15 in patients with myalgic encephalomyelitis/chronic fatigue syndrome.
a novel method for statistical comparison of group data. PAIN®. (2010) ] Transl Med. (2019) 17:409. doi: 10.1186/s12967-019-02153-6
151:598-605. doi: 10.1016/j.pain.2010.07.026 88. Younger J, Kapphahn K, Brennan K, Sullivan SD, Stefanick ML. Association

67. Petrini L, Matthiesen ST, Arendt-Nielsen L. The effect of age and gender of leptin with body pain in women. ] Women’s Health. (2016) 25:752-60.
on pressure pain thresholds and suprathreshold stimuli. Perception. (2015) doi: 10.1089/jwh.2015.5509
44:587-96. doi: 10.1068/p7847 89. Olama SM, Elsaid TO, El-Arman M. Serum leptin in Egyptian patients with

68. Silva L, da Lin SM, Teixeira MJ, Siqueira J, de Filho W], Siqueira S, et al. fibromyalgia syndrome: relation to disease severity. Int ] Rheum Dis. (2013)
Sensorial differences according to sex and ages. Oral Dis. (2014) 20:e103-10. 16:583-9. doi: 10.1111/1756-185X.12155
doi: 10.1111/0di.12145 90. Ferndndez-Martos CM, Gonzilez P, Rodriguez F]. Acute leptin treatment

69. Lautenbacher S. Experimental approaches in the study of pain in the elderly. enhances functional recovery after spinal cord injury. PLoS ONE. (2012)
Pain Med. (2012) 13 (Suppl 2):544-50. doi: 10.1111/j.1526-4637.2012.01326.x 7:€35594. doi: 10.1371/journal.pone.0035594

70. Lautenbacher S, Peters JH, Heesen M, Scheel ], Kunz M. Age changes in 91. Li X, Kang L, Li G, Zeng H, Zhang L, Ling X, et al. Intrathecal leptin
pain perception: a systematic-review and meta-analysis of age effects on inhibits expression of the P2X2/3 receptors and alleviates neuropathic pain
pain and tolerance thresholds. Neurosci Biobehav Rev. (2017) 75:104-13. induced by chronic constriction sciatic nerve injury. Mol Pain. (2013) 9:65.
doi: 10.1016/j.neubiorev.2017.01.039 doi: 10.1186/1744-8069-9-65

Frontiers in Public Health | www.frontiersin.org 13 May 2020 | Volume 8 | Article 172

1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482


https://doi.org/10.1007/s10072-018-3348-8
https://doi.org/10.12688/f1000research.8839.2
https://doi.org/10.18632/aging.101684
https://doi.org/10.18632/aging.102173
https://doi.org/10.1186/1471-2105-13-86
https://doi.org/10.1186/s13059-016-1030-0
https://doi.org/10.1093/infdis/jiv277
https://doi.org/10.1097/j.pain.0000000000001491
https://doi.org/10.1097/j.pain.0000000000001756
https://doi.org/10.1097/j.pain.0000000000001757
https://doi.org/10.1093/pm/pnv088
https://doi.org/10.1016/S0304-3959(02)00324-X
https://doi.org/10.2174/1876386301811010041
https://doi.org/10.1177/0022034510375287
https://doi.org/10.1016/j.neulet.2003.12.014
https://doi.org/10.1002/ejp.1188
https://doi.org/10.1016/j.pain.2010.07.026
https://doi.org/10.1068/p7847
https://doi.org/10.1111/odi.12145
https://doi.org/10.1111/j.1526-4637.2012.01326.x
https://doi.org/10.1016/j.neubiorev.2017.01.039
https://doi.org/10.2174/1874609808666150727112214
https://doi.org/10.1186/1471-2474-10-162
https://doi.org/10.1123/JAPA.2013-0159
https://doi.org/10.1523/JNEUROSCI.0098-07.2007
https://doi.org/10.1016/j.jpain.2010.10.003
https://doi.org/10.1016/j.jpain.2012.07.003
https://doi.org/10.1016/j.mad.2017.04.004
https://doi.org/10.1177/0333102414531157
https://doi.org/10.1177/0333102418795163
https://doi.org/10.1111/j.1526-4610.2010.01693.x
https://doi.org/10.1016/j.neulet.2016.10.054
https://doi.org/10.1016/j.spen.2013.09.002
https://doi.org/10.3389/fnmol.2019.00216
https://doi.org/10.1093/gerona/gly153
https://doi.org/10.1038/s41591-019-0673-2
https://doi.org/10.2147/JPR.S219084
https://doi.org/10.1186/s12967-019-02153-6
https://doi.org/10.1089/jwh.2015.5509
https://doi.org/10.1111/1756-185X.12155
https://doi.org/10.1371/journal.pone.0035594
https://doi.org/10.1186/1744-8069-9-65
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532
1533
1534
1535
1536
1537
1538

1539

Kwiatkowska et al.

Epigenetic Age in Pain

92.

93.

94.

Yan BC, Choi JH, Yoo K-Y, Lee CH, Hwang IK, You SG, et al
Leptin’s neuroprotective action in experimental transient ischemic
damage of the gerbil hippocampus is linked to altered leptin receptor
immunoreactivity. J Neurol Sci. (2011) 303:100-8. doi: 10.1016/j.jns.2010.
12.025

Dureja GP, Jain PN, Shetty N, Mandal SP, Prabhoo R, Joshi M,
et al. Prevalence of chronic pain, impact on daily life, and treatment
practices in India. Pain Pract. (2014) 14:E51-62. doi: 10.1111/papr.
12132

Bhattarai B, Pokhrel PK, Tripathi M, Rahman TR, Baral DD, Pande R, et al.
Chronic pain and cost: an epidemiological study in the communities of sunsari
district of Nepal. Nepal Med Coll ]. (2007) 9:6-11.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Kwiatkowska, Bacalini, Sala, Kaziyama, de Andrade, Terlizzi,
Giannini, Cevoli, Pierangeli, Cortelli, Garagnani and Pirazzini. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Public Health | www.frontiersin.org

14

May 2020 | Volume 8 | Article 172

1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1584
1585
1586
1587
1588
1589
1590
1591
1592
1593
1594
1595

1596


https://doi.org/10.1016/j.jns.2010.12.025
https://doi.org/10.1111/papr.12132
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

	Analysis of Epigenetic Age Predictors in Pain-Related Conditions
	Introduction
	Materials and Methods
	Datasets
	Heat Pain Sensitivity
	Fimbromyalgia
	Headache

	Data Pre-processing
	Calculation of DNAm Estimates
	Statistical Analysis

	Results
	Heat Pain Sensitivity
	Fibromyalgia
	Headache

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References




