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Abstract
Introduction: Recent evidence suggests that vitamin D may
interact with the epigenome and play a role in the pain
experience. In order for proper functioning to occur, there
must be an adequate level of vitamin D present, made
possible by enzymatic reactions that allow vitamin D to be
biologically active. The purpose of this study was to explore
the epigenetic landscape of genes involved in vitamin D
metabolism in individuals with and without chronic
knee pain. Methods: Community-dwelling individuals
recruited as part of a larger study focused on knee pain
provided demographic, clinical, and pain-related informa-
tion, as well as an intravenous blood sample to determine
DNA methylation levels at CpG sites. Results: There were
differences in DNA methylation between those with and
without pain in genes that code for enzymes related to
vitamin D metabolism: CYP27B1 (1-α-hydroxylase). There
was also hypermethylation on the gene that codes for the
vitamin D receptor (VDR). Conclusions: The presence of
chronic pain is associated with epigenetic modifications in

genes responsible for the expression of enzymes involved in
vitamin Dmetabolism and cellular function. These results lay
groundwork in understanding the mechanism underlying
the association between vitamin D and chronic pain.

© 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

Chronic pain, defined as pain that persists for longer
than 3 months, is a significant public health problem.
More than 100 million individuals in the US report
having chronic pain, a staggering statistic that is greater
than the prevalence of cancer, heart disease, and diabetes
combined. There is an urgent need for treatment options
outside of traditional pharmaceutical practices that often
include negative side effects that have their own inde-
pendent impacts on the quality of living of individuals
with chronic pain. Recent scientific endeavors have
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contributed to a growing body of research showing that
nutrition status can have a considerable impact on many
non-communicable diseases such as chronic pain. Study
of nutritive factors associated with pain may offer unique
insights into the prevention and treatment of many
painful disorders with interventions free from burden-
some side effects that characterize many current phar-
macological treatment options. Many nutrients have been
shown to interact directly with biological systems and
processes related to pain (i.e., refined sugars, the immune
system, and subsequent inflammation) [1], and we are
still uncovering the influence of various macro- and
micronutrients on these processes at a molecular level.
Nutri-epigenomics, or the study of the effects of food and
food nutrients on human health through epigenetic
modifications, is revealing how nutrients can instigate,
regulate, and mediate chronic pain states at the epige-
nome level [2].

One nutrient that has previously been linked to a
variety of chronic pain states is 1,25-hydroxyvitaminD3

(1,25(OH)D3, calciferol, the active form of vitamin D).
1,25(OH)D3 is a fat-soluble secosteroid that plays a key
role in many systemic processes related to musculo-
skeletal, cardiac, immune, and nervous system function
[3–5]. In order to reach the active form, a multistep
process catalyzed by enzymes occurs in order for the
inactive forms obtained by the diet (vitamin D3) and
synthesized in the skin via sun exposure from 7-
dihydrocholesterol to be converted the active form of
1,25(OH)D3 in order to be used by the body. Once active,
1,25(OH)D3 can function as a hormone and communi-
cate with cells through interactions with the vitamin D
receptor (VDR) [6]. Thus, optimal levels of 1,25(OH)D3,
and effective metabolism from its inactive to active forms,
are imperative for normal gene expression, and dysre-
gulation of this metabolic pathway may play a role in a
variety of health conditions and possibly the pain
experience.

1,25(OH)D3 status has been implicated in a variety of
painful conditions, with lower levels of 1,25(OH)D3 being
associated with greater pain severity and pain-related
disability [7]. In particular, chronic pain that is not re-
sponsive to traditional treatment methodologies is often
associated with chronically low 1,25(OH)D3 status. It is
hypothesized that 1,25(OH)D3 may exert its effects
through interactions with the immune system, as chronic
immune system activation and dysregulation are well
established in chronic pain. However, it is important to
probe deeper and explore the metabolism of this nutrient,
as dysfunction along 1,25(OH)D3’s metabolic pathway
could be similarly detrimental to health and influence

treatment options. The purpose of this analysis was to
determine if there were differences in methylation status
in the genes that code for the enzymes involved in vitamin
D metabolism: cytochrome P450 family 2 subfamily R
member 1 (CYP2R1), cytochrome P450 family 27 sub-
family B member 1 (CYP27B1), cytochrome P450 family
24 subfamily A member 1 (CYP24A1), as well as the
vitamin D receptor (VDR) in individuals with and
without chronic knee pain. We also sought to examine
differential DNA methylation differences by vitamin D
clinical cut points (optimal, insufficient, and deficient), as
well as examine the association between circulating vi-
tamin D levels with degree of DNA methylation of the
vitamin D metabolism genes.

Methods

Participants
Participants were adults between the ages of 45–85 with and

without knee pain recruited from the communities surrounding
the University of Florida (UF; Gainesville, FL, USA) and the
University of Alabama at Birmingham (UAB; Birmingham, AL,
USA). Individuals who self-identified as non-Hispanic black or
non-Hispanic white and English speaking were eligible for in-
clusion. Detailed exclusionary criteria have been reported else-
where [8]. All participants provided written informed consent, and
the study was approved by the IRB at the University of Florida
(approval #201400209). Participants were recruited as part of a
larger prospective study designed to examine pain, physical
psychosocial function, and brain structure and function in persons
with or at risk for knee osteoarthritis. Thus, in the present study,
only measures relevant to the proposed hypotheses are included
and presented below.

Procedures
Demographic information including age, ethnicity/race, and

sex were self-reported during initial phone screening. Eligible
individuals were scheduled for a Health Assessment Session
(HAS), at which informed consent was obtained prior to study
procedures. A health history and pain history, blood draw, and
physical exam were conducted during the HAS.

Study Measures
Graded Chronic Pain Scale
The GCPS is a robust, validated [9] self-reported questionnaire

that measures two dimensions of chronic pain severity: pain in-
tensity and pain-related disability. The questionnaire consists of
seven items, with six scored on an 11-point Likert scale, asking
participants to report their current, average, and worst pain over
the last 6 months (i.e., 0 = “no pain” to 10 = “pain as bad as it can
be”), and how much pain has interfered with daily activities,
recreation/social/family activities, and ability to work (i.e., 0 = “no
interference” to 10 = “unable to carry out activities”). Scores are
then calculated for the two subscales: characteristic pain intensity,
which is calculated as the mean intensity ratings for the current,
worst, and average pain multiplied by 10; and the pain-related
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disability score, which is calculated as the mean rating for difficulty
performing daily, social, and work-related activities multiplied by
10, with each score ranging from 0 to 100. One open-ended
question asks participants to report “how many days in the last
6 months have you been kept from your usual activities because of
pain?” Higher scores indicate greater pain and pain-related
disability.

Pain Group Classification
Consistent with the Task Force for the Classification of Chronic

Pain consensus for the 11th version of the International Classi-
fication of Diseases (ICD-11) of the World Health Organization
(WHO) recommendations [10], incorporating both pain disability
and its duration [11], individuals were categorized based on how
limiting their pain in their daily lives using the Graded Chronic
Pain Scale (GCPS) [12]. Scores from the GCPS characteristic pain
intensity scale and disability points were then used to categorize
participants according to a pain grade: grade 0 = no reported pain
intensity; grade 1 = low disability (i.e., <3 disability points) and low
pain intensity (i.e., <50); grade 2 = low disability-high intensity
pain (i.e., ≥50); grade 3 = high disability-moderately limiting
(i.e., 3–4 disability points), regardless of pain intensity; grade
4 = high disability-severely limiting (i.e., 5–6 disability points),
regardless of pain intensity [12]. Pain groups were defined based
on pain and disability grade as follows: grade 0 (i.e., no chronic
pain), grades 1–2 (i.e., pain with low disability), and grades 3–4
(i.e., pain with high disability).

Blood Collection and Processing
Blood samples were collected by a trained phlebotomist from

the forearm or hand vein at the onset of the session and included
collection of a 10 mL K2 EDTA tube and a 7 mL Corvac serum
separator tube that were subsequently used for DNA methylation
and 1,25(OH)D3 analyses, respectively.

1,25(OH)D3 Analysis
The Corvac tube is wrapped in foil to protect it from light. After

30 min, samples were centrifuged at 1,800 × g for 10 min and then
transferred to a 0.5 mL serum aliquot into an amber cryovial and
stored at −80°C until processed for assays. Vitamin D was mea-
sured on a TOSOHBioscience AIA-900 (South San Francisco, CA)
using immunofluorescence.

DNA Extraction and Methylation Analysis
The EDTA tube was centrifuged at 3,000 rpm for 10 min, and

the buffy coat was carefully extracted and transferred to a cryovial
for −80°C storage. To isolate genomic DNA, the frozen buffy coat
samples were thawed at 37°C to dissolve homogeneously. ~200 μL
(or 150–200 μL) of sample was lysed in R.B.C lysis buffer and
centrifuged at 6,000 rpm for 5 min at room temperature. The
supernatant was discarded, and sodium EDTA solution was added
to the pellet and vortexed gently to remove RBC clumps. Ho-
mogenate was incubated at 50–55°C with Proteinase K and SDS
solution. Following incubation, an equal volume of phenol was
added, mixed, and centrifuged at 10,000 rpm for 10 min. Su-
pernatant was transferred to a fresh tube and equal volume of
phenol-chloroform-isoamyl alcohol was added, mixed, and
centrifuged at the same rpm. Supernatant was transferred to a fresh
tube and equal volume of chloroform-isoamyl alcohol was added
followed by centrifugation at the same conditions. The supernatant

was transferred in a fresh tube and 1/10th volume of 3 M sodium
acetate along with 2 volumes of absolute alcohol was added. The
precipitated DNA was washed with 70% ethanol by centrifugation
at 10,000 rpm for 5 min. The pellet was air dried and dissolved in
Tris-EDTA buffer. The dissolved DNA was qubit quantified
(Thermo Fisher Scientific, Waltham MA, USA) and visualized on
agarose gel for quality assessment. Sodium bisulfite conversion and
EPIC methylation array were performed byMoffitt Cancer Center,
Molecular Genomics Core located at 3,011 Holly Dr., Tampa,
FL 33612.

Preprocessing of DNA Methylation
To perform methylation data preprocessing and quality con-

trol, R package minfi [13] and Illumina Human Methylation EPIC
annotation files hg19 were employed. To perform between-array
normalization and regress out variability explained by the control
probes, functional normalization was employed. Details on all
CpG probes have been previously reported by our group [14].

Differentially Methylated Probes Associated with
Pain-Disability Group
The aim of the present study was to investigate differences in

DNA methylation on genes with roles in vitamin D metabolism
and function: 1) CYP2R1, which codes for the enzyme 25-
hydroxylase involved in the first step of metabolism, converting
both 7-dihydrocholesterol (sun exposure) and vitamin D3 (dietary
intake) to 25-hydroxyvitaminD3 (25(OH)D3); 2) CYP27B1, which
codes for the enzyme involved in the second step of vitamin D
metabolism, 1-α-hydroxylase, that converts 25(OH)D3 to active
1,25(OH)D3; 3) CYP24A1, which codes for the enzyme involved in
breaking down 1,25(OH)D3 in order to maintain homeostasis, 24-
hydroxylase; and 4) VDR, which codes for the vitamin D Receptor
on cells and DNA that allows active 1,25(OH)D3 to exert its effects.
We only considered 144 CpG probes that fall within ±5 kb regions
from these vitamin D metabolism and function genes. To identify
differentially methylated probes (DMPs) related to GCPS grade
(i.e., pain and disability status), we built a linear model followed by
analysis of covariance (ANCOVA) tests, which are implemented in
the limma package [15]. These methods have been described in
detail elsewhere [8].

Differentially Methylated Probes Associated with 1,25(OH)D3

Clinical Cut-Point Groups
Participants were grouped based on the current clinical cutoffs

for serum vitamin D: deficient (<19.99 ng/mL), insufficient
(20.00–29.99 mg/mL), and optimal (>30.00 ng/mL) [16]. Again,
we only considered 144 CpG probes that fall within ±5 kb regions
from these vitamin D metabolism and function genes. To identify
DMPs related to 1,25(OH)D3 groups, we built a linear model
followed by ANOVAs which are implemented in the limma
package [15]. These methods have been described in detail
elsewhere [8].

Associations of Degree of Methylation of 1,25(OH)D3 Genes
and Circulating 1,25(OH)D3

Partial correlation analyses were used to determine the rela-
tionships between circulating 1,25(OH)D3 (as a continuous var-
iable) and the degree of methylation with covariates of age, race,
sex, and study site in CYP2R1, CYP24A1, CYP27B1, and
VDR genes.
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Results

Participant Demographics
Our study included 216 participants between 45 and

78 years old (mean age = 57.7 ± 7.9) and mostly female
(n = 132, 61.1%). Based on self-reported pain and dis-
ability, these 213 participants were further categorized
into those with no chronic pain (n = 31), pain with low
disability (n = 107), and pain with high disability (n = 75).
Table 1 shows demographic characteristics, and
1,25(OH)D3 means stratified by pain and disability status
(no chronic pain, pain-low disability, and pain-high
disability). No significant differences in age, sex, study
site were observed across groups (p > 0.05). Non-
Hispanic black individuals were overrepresented in the
pain with high disability group (p = 0.003).

DMPs Associated with Pain Status (GCPS-Derived
Pain Impact Groups)
In terms of GCPS-derived impact groups, at p < 0.05

cutoff, we identified total 3 CpG probes, including 1
hypermethylated CpG probes (DNA methylation level is
higher in the GCPS grades 3–4, followed by grades 1–2,
and grade 0/no pain), and 2 hypomethylated CpG probes
(DNA methylation level is lower in the GCPS grades 3–4,
followed by grades 1–2, and grade 0/no pain). The 3
DMPs are shown in Table 2.

DMPs Associated with 1,25(OH)D3 Clinical
Cut-Point Groups
In terms of 1,25(OH)D3 clinical cut-point groups, at

p < 0.05 cutoff, we identified a total of 3 hypermethylated

CpG probes where DNAmethylation level is higher in the
deficient group, followed by insufficient and optimal
groups. The 3 DMPs are shown in Table 3.

Associations of Degree of Methylation of 1,25(OH)D3

Genes and Circulating 1,25(OH)D3

The correlations between the degree of methylation
in CYP2R1, CYP24A1, CYP27B1, VDR, and circulating
vitamin D levels are r = 0.20 (p = 0.008), r = 0.18
(p = 0.020), r = −0.18 (p = 0.022), r = −0.15 (p = 0.050),
respectively.

Discussion

Chronic pain is a significant and debilitating problem
in Western society that has many biopsychosocial and
economic costs. Pain is a complex phenomenon, with
many factors contributing to its experience. Over recent
years, the effects of nutrition status on pain outcomes
have gained significant traction, since nutritional inter-
ventions can be tailored to individual lifestyles and
cultures and are free from the adverse effects common to
many current pharmaceutical solutions [17]. Addition-
ally, various macro- and micronutrients can interact with
the epigenome, influencing the way genes are expressed
[18]. Concurrently, our increased understanding of the
relationship between epigenetic modifications and the
pain experience invites examination of the relationship
between nutrient status and pain, employing an epige-
netic lens. A growing body of evidence suggests that
1,25(OH)D3 has the ability to participate in gene

Table 1. Characteristics of the study participants

GCPS grade 0 no pain
(n = 31)

GCPS grades 1–2 pain-low
disability (n = 107)

GCPS grades 3–4 pain-high
disability (n = 75)

p*

Age, mean (SD), years 58.6 (9.2) 58.6 (7.7) 56.3 (7.3) 0.125
Sex, n (%)

Male 12 (38.7) 40 (37.4) 32 (42.7) 0.770
Female 19 (61.3) 67 (62.6) 43 (57.3)

Race, n (%)
Non-hispanic black 12 (38.7) 41 (38.3) 47 (62.7) 0.003*
Non-hispanic white 19 (61.3) 66 (61.7) 28 (37.3)

Study site, n (%)
University of Florida 18 (58.1) 73 (68.2) 42 (56.0) 0.212
University of Alabama at
Birmingham

13 (41.9) 34 (31.8) 33 (44.0)

1,25(OH)D3 status, ng/mL 27.3 (±13.2) 28.3 (±13.0) 24.01 (±12.3) 0.046*

*p values were calculated using univariate analysis of variance (ANOVA).
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transcription, gene expression, and epigenetic modifi-
cations [5] on genes potentially linked to chronic pain
and epigenetic aging [8]. However, because vitamin D
undergoes many chemical reactions in the body to be-
come its active form, it is also important to examine the
epigenetic integrity of the biochemical machinery that
allows these processes to occur. Thus, the current in-
vestigation aimed to explore the epigenetic landscape of
genes that encode the enzymes that catalyze the reactions
to make vitamin D biologically active as 1,25(OH)D3:
CYP2R1 (25-hydroxylase), CYP27B1 (1-α-hydroxylase),
and CYP24A1 (24-hydroxylase). A schematic detailing
this biological process can be seen in Figure 1. Addi-
tionally, we sought to explore the epigenetic landscape of
the VDR gene, which allows 1,25(OH)D3 to exert its
biological effects in various tissues and systems. We also
examined the differences in methylation of these genes in
the context of clinical cut points of 1,25(OH)D3 (defi-
cient, insufficient, and optimal). Finally, we sought to
examine associations of the amount of circulating
1,25(OH)D3 and the degree of methylation of these genes.
The present study found that circulating levels of
1,25(OH)D3 were lowest in our high-impact pain group,
followed by the low-impact pain and no pain groups as
expected based on current literature [19, 20]. We also

noted differences in the amount of DNA methylation of
the VDR and CYP27B1 genes between individuals with
varying pain impacts, as well as differences in these same
genes when examined by clinical cut point. Additionally,
there were significant positive correlations of CYP2R1
and CYP24A1 (methylation increases as 1,25(OH)D3

level increases), as well as significant negative correlations
of CYP27B1 and VDRwith circulating levels of 1,25(OH)D3

(methylation decreases as 1,25(OH)D3 level increases).
These results may lay the groundwork for understanding
mechanisms underlying the association of vitamin D and
the pain experience.

Epigenetics is being studied in a variety of health
outcomes [21]. Epigenetic control of gene expression is
normal and natural, but some epigenetic changes can lead
to detrimental behavioral and health outcomes to the
organism. One of the ways that cells mitigate gene ex-
pression is the epigenetic modification of DNA meth-
ylation [22]. The end result of hypermethylation of a gene
is generally a downregulation in expression of that gene,
as well as its subsequent proteins. On the contrary,
hypomethylation of a gene in the promoter region
generally allows for increased efficiency of transcription,
allowing an upregulation of gene expression and in-
creased quantities of the encoded protein [23]. Presently,

Table 2. Differentially methylated probes (DMPs) associated with pain status (high impact pain vs. low impact pain vs. no pain)

CpG probe Estimate 95% CI Chromosome Start End Feature Direction* p value Genesa

cg13865595 −0.0020 (‒0.0039, −0.0001) 12 48,298,924 48,298,924 promoters ‒ 0.0377 VDR
cg24110768 −0.0031 (‒0.0061, −0.0001) 12 58,159,478 58,159,478 promoters ‒ 0.0411 CYP27B1
cg13301841 0.0038 (0, 0.0076) 12 48,237,092 48,237,092 exons + 0.0479 VDR

*+ indicates hypermethylation (higher methylation level in the pain group as compared to the no-pain group); and ‒ indicates
hypomethylation (lower methylation level in the pain group as compared to the no-pain group). aAnnotated genes within ±5 kb of
the CpG probe.

Table 3. Differentially methylated probes (DMPs) associated with 1,25(OH)D3 clinical cut-point groups (deficient vs. insufficient vs.
optimal)

CpG probe Estimate 95% CI Chromosome Start End Feature Direction* p value Genesa

cg02470587 0.0069 (0.0005, 0.0134) 12 48,302,191 48,302,191 Intergenic + 0.0348 VDR
cg01886921 0.0204 (0.0003, 0.0404) 12 48,280,406 48,280,406 Introns + 0.0458 VDR
cg20372759 0.0058 (0, 0.0115) 12 58,162,287 58,162,287 Intergenic + 0.0491 CYP27B1

*+ indicates hypermethylation (higher methylation level in the pain group as compared to the no-pain group); and ‒ indicates
hypomethylation (lower methylation level in the pain group as compared to the no-pain group). aAnnotated genes within ±5 kb of
the CpG probe.
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we found that individuals with high impact pain had
significantly different methylation statuses on a CpG site
related to CYP27B1 gene, as well as significantly different
methylation on CpG sites associated with the VDR when
comparing no pain and low impact pain. This would – in
theory – lead to differential gene expression and the
proteins that they code for.

CYP27B1 is a gene that encodes for an enzyme that is
involved in vitamin D metabolism. CYP27B1 codes for
the enzyme 1-α-hydroxylase, an important catalyst in-
volved in 25(OH)D3 anabolism and the conversion to
1,25(OH)D3 – its active, useable formation [24]. The
inactive form of vitamin D can be obtained in three ways:
either through consumption of vitamin D3 rich foods
(fish, fortified dairy, eggs, etc.), oral supplementation with
vitamin D3 or by exposure to sunlight that catalyzes the
conversion of 7-dihydrocholesterol into vitamin D3 in the
epidermis. From there, the inactive vitamin D circulates
to the liver and kidneys, where it undergoes chemical
reactions to become its biologically active form 1,25(OH)D3.
1-α-hydroxylase catalyzes the second step of this reaction
and is an extremely important enzyme to have present if the
body wants to have adequate levels of biologically active
1,25(OH)D3. Interestingly, when examined by both pain
group and 1,25(OH)D3 clinical cut-point groups, those who
fell into the high impact pain group or deficient group in
our sample had significantly differential hypomethylation
on CpG regions associated with the gene CYP27B1, that
codes for this critical enzyme. These changes, along with a
theoretical differential expression of 1-α-hydroxylase, may
either be 1) a reflection of the body’s attempt to have the
biochemical machinery available to process as much of the
small amount of vitamin D3 present (inadequate sunlight
and vitamin D rich foods) to catalyze; or 2) it could also be
an epigenetic error, whereby modifiers have methylated

these regions inappropriately in response to other envi-
ronmental factors.

Another difference inmethylation status in this sample
when examined by both pain group and 1,25(OH)D3

clinical cut-point groups was the differential of CpG sites
associated with the VDR gene in the chronic knee pain
group compared to the no pain group. The VDR gene
subsequently codes for the VDR [25]. Interactions with
the VDR are what allow 1,25(OH)D3 to be a powerful
regulator or gene expression and cellular functions. The
VDR is present in every type of cell in the human body, as
well as present in many promoter regions as a factor
involved in the transcription of genes [26]. The 1,25(OH)
D3/VDR complex further goes on to influence vitamin D
response elements (VDREs) that are involved in gene
expression. VDREs are dependent on the liganded vi-
tamin D/VDR complex in order for successful tran-
scription. Thus, if there are inadequate levels of 1,25(OH)
D3, or no VDR present, there is typically a down-
regulation of VDRE expression. Because so many genes,
spanning across systems, have been discovered to be
VDREs, it appears as though 1,25(OH)D3 is an incredibly
important compound for the homeostasis and function of
the organism. Many VDREs are those that are involved in
healthy immune system function and inflammation [27,
28]. Chronic inflammation and immune system activa-
tion have been well-established to be a part of the de-
velopment andmaintenance of chronic pain [29]. Thus, it
is hypothesized that differential methylation of the VDR
gene and subsequent differences in gene expression could
lead to immune system dysregulation. This may be one of
the mechanisms that gives rise to the associations seen to
1,25(OH)D3 status and levels of pain severity and dis-
ability. The VDR gene could be epigenetically modified by
a lack of circulating 1,25(OH)D3 or other environmental

Fig. 1. Vitamin D metabolism, enzymes catalyzing the reactions and the locations the reactions occur.
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factors, rendering adequate levels of circulating, active
1,25(OH)D3 irrelevant.

We acknowledge potential limitations to our study. First,
the study sample was relatively small, including only non-
Hispanic black and white participants, and future studies
are needed including other ethnic and racial groups.
Second, vitamin Dmay be more important in combination
with other nutrients also known to interact with the epi-
genome; thus, future studies should include a variety of
nutrients in order to truly understand to what extent
1,25(OH)D3 alone or in combination impact gene ex-
pression and subsequent pain outcomes [30, 31]. Also, the
present study only measured methylation level and did not
include other epigenetic modifiers or levels of gene ex-
pression. Presently, as this was a targeted, exploratory
endeavor, there were no corrections for multiple com-
parisons as there would be in larger epigenetic-based
studies. Future large cohorts are warranted to replicate
the findings in this manuscript. Finally, this was a cross-
sectional study; thus, no causal inference can be established.
Future longitudinal studies including placebo-controlled
supplementation studies are needed to establish causality.

Conclusions

Research has demonstrated that individuals with
chronic pain are often 1,25(OH)D3 deficient. However, in
our sample, the genes that code for enzymes influencing
vitamin D use by the body are differentially methylated
based on pain experience. We are unsure if this is a
response to low levels of inactive vitamin D3 from
sunlight exposure or dietary quality, or if this differential
methylation is potentially leading to a lack of the enzyme
to create the 1,25(OH)D3 used in the blood measure-
ments. Therefore, future research should aim to elucidate

whether the hypermethylation of these sites is related to
the conservation of energy or epigenetic errors in meta-
bolism as this could drastically change the way we ap-
proach research and treatment related to the relationship
1,25(OH)D3 and chronic pain. Moreover, future research
should explore the directionality of these relationships
(Fig. 2). In addition to other environmental factors, it is
also possible that pain then goes on to act as an epigenetic
modifier itself, further involving itself in themethylation of
these genes. In any case, it is important to better under-
stand the complex influences of 1,25(OH)D3 on the pain
experience, as this could reveal valuable intervention
targets that could greatly improve the lives of those who are
suffering from chronic pain.
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