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Abstract

OBJECTIVES: To examine the relationship between Vitamin D status
and pain intensity and disability in individuals with and without knee
pain, and to examine the role of epigenetics in this relationship.
DESIGN: Cross-sectional analysis of data from the UPLOAD-2 study
(Understanding Pain and Limitations in OsteoArthritic Disease-2).
PARTICIPANTS: 189 individuals aged 45-65 years and older.
MEASUREMENTS: Serum Vitamin D levels, pain related interference
and characteristic pain intensity measures, and the epigenetic clock
GrimAge derived from blood analyses.

RESULTS: Lower Vitamin D was associated with advanced
epigenetic aging (AgeAccelGrim), greater pain and disability and
that (AgeAccelGrim) mediated the relationship between Vitamin D
status and self-reported pain (ab = -0.0799; CI [-0.1492, -0.0237]) and
disability (ab = -0.0669; CI [-0.1365, -0.0149]) outcomes.
CONCLUSION: These data support the notion that lifestyle factors
such as nutrition status play a key role in aging process, as well as the
development and maintenance of age-related diseases such as pain.
Modifying nutrition status could help promote healthy aging and
reduce pain.
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Introduction

nee osteoarthritis (KOA) has quickly become one
B of the leading causes of pain and disability in aging
populations (1). There is large interindividual
variability in pain and disability outcomes of those diagnosed
with KOA. Often, radiographic imaging findings do not
correlate with reported pain sensitivity and pain-related
disability or interference (2). As such, there is a great need
to understand the mechanisms involved in pain and disability
within KOA populations and to identify targets that may
mitigate negative outcomes.

Recently, the effect of nutrition status on pain outcomes
has become of great interest due to the high potential
of modification of one’s diet as well as its low side effect
profile. We (3-5) and others (6-8) have previously reported
the effects of nutrition status on outcomes across various
pain states. Additionally, we have shown that a dietary
intervention significantly improved pain sensitivity and
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disability in individuals with KOA (9). One nutrient that has
been historically associated with pain and disability outcomes
is 25-dihydroxyvitamin D, commonly referred to as calciferol
or simply Vitamin D (10). Vitamin D has also been implicated
in KOA, given its mechanisms of action regarding bone health
(11). Vitamin D is a fat-soluble vitamin naturally present in
some foods, and fortified in others. However, the primary
source of Vitamin D in humans is the conversion of cholesterol
to the inactive form of Vitamin D by UV light (sunlight), which
is then converted to the active form (1,25-hydroxyvitamin D)
in the liver and kidneys to be used throughout the body (12).
While Vitamin D has previously been associated with pain and
disability, as well as KOA, its mechanism of action promoting
either negative or positive outcomes has yet to be elucidated.

One of the most important discoveries related to Vitamin
D is that of the discovery of the transcription factor Vitamin
D receptor (VDR), a member of the steroid nuclear receptor
family (13). The effect of liganded VDR depends on the
epigenetic landscape of the targeted gene, and it is evident
that there is a role of Vitamin D in regulating gene expression
(14). There is also evidence to suggest that Vitamin D can
alter DNA methylation (15) — a phenomenon necessary for the
regulation of biological processes including cell differentiation
and genomic imprinting. Additionally, there have been
changes within epigenetic clocks, noted with aging and in
those with chronic pain conditions such as KOA (16). These
epigenetic clocks are based on weighted linear combinations
of DNA methylation level at a certain number of CpG sites,
and have been shown to be relevant in predicting future
outcomes including all-cause mortality (17). Thus, it is worth
investigating if the Vitamin D association with pain and
disability outcomes is mediated by changes in an individual’s
epigenetic landscape, as estimated by epigenetic clocks. In this
manuscript, we assessed the potential relationship of Vitamin
D’s effects on pain intensity and disability through associations
in epigenetic aging in individuals with and without KOA. We
hypothesized that associations between Vitamin D levels with
pain intensity and interference in persons with KOA would be
significantly mediated by epigenetic aging.
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Methods

Participants

Participants were adults between the ages of 45-85 with
and without symptomatic knee osteoarthritis (KOA) recruited
from the University of Florida (UF; Gainesville, Florida,
USA) and the University of Alabama at Birmingham (UAB;
Birmingham, Alabama, USA). Individuals who self-identified
as non-Hispanic and “African American/Black” (NHB) or
non-Hispanic and “White/Caucasian/European” (NHW) and
English speaking, were eligible for inclusion. Individuals
were excluded if they reported 1) significant surgery to the
index (i.e., most painful) knee (e.g., total knee replacement
surgery); 2) cardiovascular disease or history of acute
myocardial infarction; 3) uncontrolled hypertension (blood
pressure > 150/95 mmHg); 4) systemic rheumatic diseases
(e.g., rheumatoid arthritis, systemic lupus erythematosus, and
fibromyalgia); 5) neuropathy; 6) chronic opioid use; 7) serious
psychiatric illness; 8) neurological disease (e.g., Parkinson’s,
multiple sclerosis, stroke with loss of sensory or motor function,
or uncontrolled seizures); 9) pregnant; 10) significantly greater
pain in a body site other than the knee. All participants provided
written informed consent and the study was IRB approved
and conducted in accordance with the Declaration of Helsinki.
Participants were recruited as part of a parent study designed
to examine ethnic and race group differences in physical
symptoms, psychosocial functioning, and pain-related central
nervous system structure and functioning in KOA. The present
study is an ancillary investigation that aimed to determine brain
and epigenetic aging patterns in KOA, thus, only measures
relevant to the study 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, and physical
exam were conducted during the HAS. Approximately one
week later, participants attended a quantitative sensory testing
(QST) session. Clinical pain measures and blood samples were
collected at the QST session.

Measures

Graded Chronic Pain Scale (GCPS)

The GCPS is a robust, validated (18) self-reported
questionnaire that measures two dimensions of chronic
pain severity: pain intensity 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 six 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 is calculated
as the mean intensity ratings for the current, worst and average
pain multiplied by 10; and the pain-related disability score,
which is calculated as the mean rating for difficult performing
daily, social and work-related activities multiplied by 10, with
each score ranging from 0-100. One open-ended question asks
participants to report “how many days in the last six 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
Classification of Diseases (ICD-11) of the World Health
Organization (WHO) recommendations (19), incorporating
both pain disability and its duration (20), individuals were
categorized based on how limiting their pain in their daily life
using the Graded Chronic Pain Scale (GCPS) (21). 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.21 Pain Groups were defined based
on pain grade as follows: No chronic pain (i.e., Grade 0), Low
impact pain (i.e., Grades 1-2), High impact pain (i.e., Grade
3-4).

Blood Collection and Processing

Blood samples were collected from the forearm or hand
vein at the onset of the quantitative sensory testing session and
included collection of a 10ml K? EDTA tube and a 7ml Corvac
Serum Separator tube that were subsequently used for DNA
methylation and Vitamin D analyses, respectively.

DNA Extraction and Methylation Analysis

The EDTA tube was centrifuged at 3000rpm for 10 minutes
and the buffy coat was carefully extracted and transferred to
a cryovial for -80-degree storage. To isolate genomic DNA,
the frozen buffy coat samples were thawed at 37°C to dissolve
homogeneously. ~200 ul (or 150-200 ul) of sample was lysed in
R.B.C lysis buffer and centrifuged at 6000 rpm for 5 minutes at
room temperature. The supernatant was discarded and sodium
EDTA solution was added to the pellet and vortex gently to
remove RBC clumps. Homogenate was incubated at 50-55°C
with Proteinase K and SDS solution. Following incubation,
equal volume of phenol was added, mixed, and centrifuged
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at 10,000 rpm for 10 minutes. Supernatant was transferred in
a fresh tube and equal volume of phenol-chloroform-isoamyl
alcohol was added, mixed and centrifuged at the same rpm.
Again, supernatant was transferred in a fresh tube and equal
volume of chloroform-isoamyl alcohol was added followed
by centrifugation at same rpm conditions. Supernatant was
transferred in a fresh tube and 1/10th volume of 3M 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 minutes. The pellet was air
dried and dissolved in Tris-EDTA buffer. The dissolved DNA
was qubit quantified and visualized on agarose gel for quality
assessment. Sodium Bisulfite conversion and EPIC methylation
array was performed by Moffitt Cancer Center, Molecular
Genomics Core located at 3011 Holly Dr., Tampa, FL 33612.

DNA Methylation Age Calculation

The raw data generated by Illumina EPIC array (.idat files)
underwent quality control and normalization prior to the
calculation of DNAmGrimAge via an online calculator (https://
dnamage.genetics.ucla.edu/home). The normalized beta values
were obtained using ChAMP (Chip Analysis Methylation
Pipeline for Illumina HumanMethylation EPIC) protocol (22)
[Cruz-Almeida et al., 2021, under review]. These normalized
beta values were subset to sites required for the calculation of
DNA Methylation Age and uploaded with a sample annotation
file as per the protocol document that accompanies the online
calculator. The age-adjusted AgeAccelGrim variable was
calculated as the difference between chronological age and
DNAmGrimAge.

Vitamin D Assay

Blood was collected into a Corvac tube and wrapped in
foil to protect from light. After 30 minutes, samples were
centrifuged at 1800G for 10 minutes and then transferred to
a 0.5mL serum aliquot into an amber cryovial and stored at
-80°C until processed for assays. Vitamin D was measured on a
TOSOH Bioscience AIA-900 (South San Francisco, CA) using
immunofluorescence.

Statistical analyses

All analyses were completed using SPSS v27.0 (Armonk,
NY: IBM Corp). Prior to running analyses, the data were
cleaned so that only those with data for all variables of interest
were included in the analyses. Analyses of variance (ANOVA)
were employed to observe if there were differences in Vitamin
D levels across pain groups, age, sex, race and study site. Next,
linear regression-based mediation analyses were performed to
determine whether AgeAccelGrim mediated the relationship
between Vitamin D and pain and disability, with Vitamin D as
the independent variable (X), AgeAccelGrim as the mediator
(M), and characteristic pain intensity or pain-related disability
as the dependent/outcome variables (Y) (Figure 1). Age, race,
sex and study site were included as covariates in all analyses

due to their known association with the variables of interest
(i.e., Vitamin D levels, age-related biological changes (i.e.,
AgeAccelGrim), pain intensity and disability).

Figure 1. Vitamin D levels (ng/mL) by pain grade groups (No
Pain, Low Impact Pain and High Impact Pain). Individuals
with High Impact Pain had significantly lower levels of
Vitamin D compared to Low Impact and No Pain groups
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Results

Sample Characteristics

Of the 245 individuals who participated in the study, only
189 individuals had complete pain, epigenetics, Vitamin D
and all covariate data comprising the present study sample.
Participants in the entire sample were mostly female (63.7%),
44.6% non-Hispanic Black (NHB), and had a mean age of
579 years (+ 8.1 years). As a whole, the sample had a mean
Vitamin D serum level of 26.7 ng/mL (+ 12.8 ng/mL). The
mean AgeAccelGrim was 2.4 years (+ 5.6 years). There were
no significant differences in Vitamin D levels between sex,
race and study site categories (p>0.05). Sample demographic
characteristics across the three pain groups are presented in
Table 1.

Vitamin D Levels Association with Pain and
Epigenetic Aging

There was a significant difference in Vitamin D levels
(F(2,118)=4.060, p=0.046) between the pain groups (No Pain,
Low-Impact Pain and High Impact Pain), with individuals in
the High Impact Pain group showing significantly lower mean
levels of Vitamin D (24.01 ng/mL) compared to the Low Impact
Pain (28.30 ng/mL) and No Pain (27.30 ng/mL) groups (Figure

1.
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Table 1. Sample demographic characteristics of present study sample (alpha level=0.95; p<0.05%*)

No pain

N 26
Chronological age (years) 59.6 (9.5)
DNAmGrimAge (years) 59.4 (6.6)
AgeAccelGrim (years) 0.23 (3.35)
Sex

Male 9 (34.6)

Female 17 (65.4)
Race

Non-Hispanic black 10 (38.5)

Non-Hispanic white 16(61.5)
Study site

University of Florida 17 (65.4)

University of Alabama at Birmingham 9 (34.6)

Mean (SD) or No. (%) P*
Low impact pain High impact pain
106 57

58.6 (8.03) 56.3(7.2) 0.122
60.04 (7.6) 61.5(8.3) 0.427
1.31 (5.46) 5.00 (5.61) <0.001*
37 (34.9) 22 (38.6) 0.387
69 (65.1) 35 (61.4)

41 (38.7) 33(57.9) 0.057
65 (61.3) 24 (42.1)

66 (62.3) 34 (59.6) 0.879
40 (37.7) 23 (40.4)

Epigenetic Aging Mediates Association between
Vitamin D Levels with Pain

With both characteristic pain intensity and pain-related
disability as the dependent variables, complete mediations
of Vitamin D by AgeAccelGrim were observed. Indirect
effects were calculated by multiplying the a and b pathways
constituting the effect. Even after controlling for age, race,
and sex, and study site there was a significant indirect effect
of Vitamin D status on characteristic pain intensity through
AgeAccelGrim ab = -0.0409; CI [-0.1492, -0.0237] (Figure
2). The mediator AgeAccelGrim accounted for a large portion
of the total effect, PM = 0.95. Additionally, there was also a
significant indirect effect of Vitamin D status on pain-related
disability through AgeAccelGrim ab = -0.0483; CI [-0.1365,
-0.0149] (Figure 3).

Figure 2. Schematic of mediation model including Vitamin
D status (X), AgeAccelGrim (M), and characteristic pain
intensity (Y)
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Discussion

Vitamin D status has been associated with pain outcomes
in a variety of conditions, however, the mechanisms linking
Vitamin D to pain and disability remain poorly understood.

Here, we sought to understand whether the previously reported
associations between Vitamin D and self-reported pain
sensitivity and disability were attenuated or mediated by the
GrimAge epigenetic clock in individuals with or at risk for
KOA. Between groups, individuals within the High Impact
Pain group had lower serum Vitamin D levels compared to Low
Impact Pain and No Pain groups. Additionally, those with High
Impact Pain had significantly higher AgeAccelGrim, indicating
possible accelerated epigenetic aging. Upon employing
a regression-based mediation model, there were significant
indirect effects of Vitamin D on pain intensity and pain-related
disability mediated by AgeAccelGrim. Thus, the data from this
sample suggest that Vitamin D may be associated with pain
and disability outcomes through interactions with an epigenetic
biomarker previously reported to predict all-cause mortality.

Figure 3. Schematic of mediation model including Vitamin D
status (X), AgeAccelGrim (M), and Pain-related Disability (Y)
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In the present study, we used the epigenetic clock
DNAmGrimAge developed and validated by Horvath and
colleagues. DNAmGrimAge strongly predicts life-span and
health-span (17). In our sample, the High Impact Pain group
had significantly greater AgeAccelGrim, with their epigenetic
age being ~5 years older compared to their true chronological
age. Other epigenetic clocks, such as Horvath’s pan tissue
clock and Hannum'’s clock have shown accelerated epigenetic
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aging is related to deficient Vitamin D status (23). However,
we have previously shown that out of all of the epigenetic
clocks, only DNAmGrimAge was associated with the
multidimensional experience of pain [Cruz-Almeida et al.,
2021, under review]. Furthermore, the DNA surrogates used to
create the DNAmGrimAge clock (beta-2 microglobulin, growth
differentiation factor-15 (GDF-15), plasminogen activator
inhibitor-1 (PAI-1), TIMP metallopeptidase inhibitor-1, leptin,
cystatin C and adrenomedullin (ADM)) and their related plasma
proteins (ADM, C-reactive protein (CRP), PAI-1 and GDF-
15) and smoking have previously been associated with pain
outcomes (17), making it a good option for exploration in this
study. For example, CRP is a protein made by the liver that
increases when there is inflammation present in the body, and
it the relationship between inflammation and pain has been
well established (24). Leptin, an appetite-regulating hormone
and pro-inflammatory adipokine has been shown to predict
body pain and may be a driver of musculoskeletal pain states
(25). GDF-15 has also been previously shown to be associated
with analgesia by inhibiting Nav1.8 sodium channel activity
in the primary sensory neurons (26). Another study found
that higher expression of PAI-1 was associated with increased
dysmenorrhea in women with endometriosis (27). Thus, there
is ample reason to suggest that the DNAmGrimAge clock
would be appropriate for these analyses.

Vitamin D is a fat soluble secosteroid, that is often referred
to as a hormone due to its ability to participate in chemical
messaging throughout the body (28). Though Vitamin D is
present naturally in some foods such as fish, as well as fortified
in a variety of other foodstuffs, approximately 90% of human
Vitamin D synthesis comes from exposure to UV rays from
sunlight (15). In our sample, not only is it possible that there are
deficiencies in the diet of Vitamin D rich foods, but exacerbated
pain and disability can also make it extremely difficult for
the High Impact Pain group to physically get outside and
spend time exposed to sunlight. It is also worth noting that
even though race was controlled for in these analyses, NHBs
frequently show deficient Vitamin D levels (29) and were more
likely to be in the High Impact Pain group; this relationship
between race and Vitamin D should be explored as to explain
possible racial differences seen in chronic pain.

It has been shown that Vitamin D has important roles in
homeostasis (30), disease pathogenesis (31), and human
development and function (32). At the genomic level, Vitamin
D primarily exerts its effects through interactions with the
Vitamin D receptor (VDR). The binding of Vitamin D to VDR
results in the heterodimerization with the retinoid X receptor
(RXR). The RXR and VDR heterodimer then has the ability to
bind to Vitamin D response elements, which primarily are found
in the promotor regions of Vitamin D responsive genes (33).
This binding results in subsequent upregulation or suppression
of transcription of the genes involved. There is also evidence
to suggest that Vitamin D can affect DNA methylation, one
of the other ways the epigenome influences gene expression.
DNA methylation involves the transfer of a methyl group
to cytosine residues. It can regulate gene transcription and
expression by the recruitment of proteins involved in gene
repression, or inhibiting the binding of transcription factors

due to alterations in the conformational state of DNA (34,
35). In general, increased DNA methylation is associated
with the compaction of chromatin filaments, which leads to
decreased transcription factor access and subsequent repression
of the gene in that region (6.) The mechanism by which
Vitamin D participates in DNA methylation is currently being
understood (37-39). In mice supplemented with cholecalciferol,
BHMT-1 expression was increased in the CD4+ T cells of
mice, likely occurring through a VDR dependent pathway.
BHMT-1 codes for the enzyme that catalyzes the reaction of
methionine to S-adenosylmethionine — a methyl donor used in
DNA methylation (40). Additionally, DNA methyltransferase
expression was found to be downregulated in CD4+ T cells of
cholecalciferol supplemented mice (41). There is also evidence
suggesting the effect of Vitamin D on other enzymes involved
in DNA methylation, as VDR binding sites have been located
upstream to DNMT1, DMNT3, TET1 and TET3 regions (33).
The specific loci that Vitamin and VDR may participate in gene
expression and to what extent is currently being elucidated.

We acknowledge that there were some limitations to our
study, the first being the small sample size with a slightly
unequal distribution of the sexes and races within our
sample due to the elimination of participants during the
cleaning of the data. Future studies are needed that have an
equal representation of males and females and inclusion of
various ethnic and racial groups. Second, we acknowledge
the variability that comes with using self-reported measures.
However, given the subjectivity of the pain experience, self-
reported measures are the most useful way to gain insight
on an individual’s daily experience over time. Future studies
should aim to examine Vitamin D levels, epigenetics and other
pain measures, such as Quantitative Sensory Testing physical
performance measures, in order to gain more quantitative
data about the pain experience. Additionally, future studies
should aim to include a variety of nutrients that are also known
to interact with the epigenome (e.g. Vitamins A and E) in
order to truly understand to what extent Vitamin D alone or
in combination is having an impact on gene expression and
subsequent pain and disability outcomes (42, 43).

While novel, the data from this study highlight the important
role that Vitamin D plays within the genomic environment, as
well as in relation to health outcomes including pain intensity
and disability. These data also add to the growing body of
evidence of the importance of a nutrient-dense, high-quality
diet in the potential development and maintenance of painful
conditions. In addition to the lack of negative side effects
of dietary interventions, they do not have the potential of
addition that many of the current therapies for chronic pain
have, such as opioid medications. In this case, it would also
be imperative to improve on occupational health protocols
to ensure adequate sunlight exposure, as well as possibly
explore Vitamin D supplementation for those experiencing
pain. Additionally, the incorporation opportunities for sunlight
exposure to daily work and home activities as well as possible
Vitamin D supplementation in geographically northern regions
is strongly suggested for the prevention of pain. Continuing
to understand the mechanisms of specific nutrients as well as
the potential benefits of high-quality diet patterns is imperative
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to allow individuals with pain to live longer, healthier, and
enjoyable lives.
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