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Abstract
For reasons unknown, temporomandibular disorder (TMD) can manifest as localized pain or in
conjunction with widespread pain. We evaluated relationships between cytokines and TMD
without or with widespread palpation tenderness (TMD−WPT or TMD+WPT, respectively), at
protein, transcription factory activity, and gene levels. Additionally, we evaluated the relationship
between cytokines and intermediate phenotypes characteristic of TMD and WPT. In a case-control
study of 344 females, blood samples were analyzed for levels of 22 cytokines and activity of 48
transcription factors. Intermediate phenotypes were measured by quantitative sensory testing and
questionnaires asking about pain, health, and psychological status. Single nucleotide
polymorphisms (SNPs) coding cytokines and transcription factors were genotyped. TMD−WPT
cases had elevated protein levels of pro-inflammatory cytokine MCP-1 and anti-inflammatory
cytokine IL-1ra, whereas TMD+WPT cases had elevated levels of pro-inflammatory cytokine
IL-8. MCP-1, IL-1ra, and IL-8 were differentially associated with experimental pain, self-rated
pain, self-rated health, and psychological phenotypes. TMD−WPT and TMD+WPT cases had
inhibited transcription activity of the anti-inflammatory cytokine TGFβ1. Interactions were
observed between TGFβ1 and IL-8 SNPs: an additional copy of the TGFβ1 rs2241719 minor T
allele was associated with twice the odds of TMD+WPT among individuals homozygous for the
IL-8 rs4073 major A allele and half the odds of TMD+WPT among individuals heterozygous for
rs4073. These results demonstrate how pro- and anti-inflammatory cytokines contribute to the
pathophysiology of TMD and WPT in genetically-susceptible people. Furthermore, they identify
MCP-1, IL-1ra, IL-8, and TGFβ1 as potential diagnostic markers and therapeutic targets for pain
in patients with TMD.
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1. Introduction
Temporomandibular disorders (TMD) elicit pain in temporomandibular joints and
masticatory muscles and occur frequently in the population. In 2002, 6% of women and 3%
of men in the US reported TMD-like pain [42]. Many TMD patients also suffer from
widespread pain, characterized by bilateral pain in multiple body areas extending beyond the
head and face [4; 37; 38; 45]. One study found that 62% of females referred to a tertiary care
clinic for TMD reported widespread pain [91]. Both TMD and widespread pain are complex
chronic pain conditions characterized by a mosaic of intermediate phenotypes associated
with altered pain processing and psychological status, usually in the absence of tissue
damage [25]. Identification of biological mediators linked to these conditions is needed to
better understand their pathophysiology and to develop effective treatments.

An emerging literature suggests that cytokines contribute to pathophysiology of TMD and
WBP. Cytokines are small intracellular regulatory proteins secreted by immune cells in the
periphery and neurons and glia in the central nervous system [53; 62]. In an acute setting,
pro-inflammatory cytokines (e.g., macrophage inflammatory protein-1 and interleukin-8)
confer survival advantage by promoting immune responses that limit tissue damage and
initiate remodelling [8; 27; 33]. However, persistent elevations result in tissue pathology and
altered nociceptor function. Pro-inflammatory cytokine levels are elevated in TM joints of
TMD patients [46; 60; 69; 89] and circulating blood of patients with widespread pain [7; 36;
86; 93; 100]. Additionally, elevated pro-inflammatory cytokine levels are correlated with
greater pain sensitivity [51; 69; 84; 89], perceived stress [59], and depressed mood [58],
which are phenotypes characteristic of TMD and widespread pain.

While pro-inflammatory cytokines play a definitive role in pain induction, little is known
about their contribution to chronic pain conditions. To date, most studies of TMD have
focused on local effects of cytokines within TM joints; however, it is highly plausible that
more generalized systemic processes contribute to TMD and related disorders. Pro-
inflammatory cytokines may drive the transition from acute to chronic pain by activating
transcription of genes influencing biological pathways that regulate pain and psychological
status [63; 68; 70; 90]. An additional layer of complexity is added when considering the
contribution of genetic polymorphisms influencing cytokine synthesis and release. More
work is needed to understand the complex nature of these biological, psychophysiological,
and genetic relationships.

This study sought to elucidate contributions of cytokines to TMD without and with
widespread palpation tenderness (WPT) at gene, transcript, and protein levels as well as
contributions of cytokines to intermediate phenotypes characteristic of TMD and WPT. We
hypothesized that cytokine protein levels and gene regulatory (i.e., transcription factor)
profiles would be shifted towards a pro-inflammatory state among cases and that this shift
would coincide with increased pain, poorer self-rated health, and psychological distress.
Additionally, we hypothesized that polymorphisms in relevant cytokine and transcription
factor genes would contribute to case status. To test these hypotheses, we determined
associations of 1) circulating cytokines with case status and intermediate phenotypes, 2)
gene regulatory pathways with case status, and 3) relevant cytokine and transcription factor
gene polymorphisms with case status.
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2. Materials and Methods
This study was approved by the Biomedical Institutional Review Board of the University of
North Carolina at Chapel Hill (UNC-CH). Written informed consent was obtained from all
study participants.

2.1 Study design and study participants
This study uses data from all 344 people in whom circulating cytokines were measured as
part of case-control study of TMD. Between 2005 and 2009, female volunteers were
recruited from the Chapel Hill, NC area using advertisements placed in local newspapers
and flyers posted in and around the UNC Health Center. This included tertiary care clinics
that provide treatment for people with chronic pain. The intention was to enroll 200 females
with chronic TMD and 200 females without TMD, providing sufficient statistical power to
address the study’s primary aims regarding genetic influences on TMD, assuming odds
ratios of at least 2.3, and with Bonferroni adjustment for testing 7 targeted genetic variants.

Both cases and controls were self-identified white females aged 18–60 years who provided
signed informed consent for study procedures including biological samples. Enrollment was
limited to females, because they have higher prevalence of TMD than men, and to whites to
avoid problems of population stratification in assessing genetic associations. While there are
statistical methods that can adjust for population stratification in genetic association studies,
restricting studies to a single racial group was the preferred approach at the time this study
was designed [26]. Exclusion criteria were self-reported history of one or more of 14 health-
related conditions: diabetes; drug or alcohol abuse; heart disease hypertension not controlled
by medication; hyperthyroidism; lupus erythematosis; psychiatric illness requiring
hospitalization; respiratory disease (other than asthma) not controlled by medication;
rheumatoid arthritis; kidney failure or dialysis; epilepsy; current chemotherapy or radiation
treatment; pregnant or nursing mothers; facial injury or surgery; current orthodontic
treatment.

To be enrolled as cases, study participants had to report facial pain for at least five days
during the previous two weeks and be diagnosed with TMD arthralgia or myalgia during a
standardized clinical examination that used the Research Diagnostic Criteria for TMD [28].
In the examination, myalgia was diagnosed when pain was reported during digital palpation
of ≥ 3 of 8 muscle groups (masseter, temporalis, submandibular, lateral pterygoid, each
palpated bilaterally) and arthralgia was diagnosed when pain was reported during digital
palpation of either TM joint. Digital palpation of muscle and joint cranial sites was
performed using a force of 0.45 kg.

TMD cases were sub-classified according to presence or absence of WPT. WPT represents a
useful marker of widespread pain because it evaluates aspects of both tenderness and
distress characteristic of chronic widespread musculoskeletal pain conditions [34]. For
example, Pfau et al (2009) found that TMD patients with ≥11 bodily tender points closely
resembled fibromyalgia patients with respect to experimental pain sensitivity [75]. For this
analysis, WPT was based on reports of tenderness during the examiners’ digital palpation of
18 bodily sites: lower sternocleidomastoid, lower cervical, trapezius, supraspinatus, second
rib, lateral epicondyle, gluteal, greater trochanter, and knee (all palpated bilaterally). Digital
palpation of those bodily sites was done using a force of 1.4 kg. WPT was classified as
present when tenderness to palpation was reported in ≥ 6 of those sites, with ≥ 2 sites
eliciting pain bilaterally. Self-reported history of bodily pain did not contribute to the
classification of WPT.
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Controls reported no history of orofacial pain within the preceding six months and no prior
diagnosis for TMD. Additionally, their examination confirmed that they did not have TMD
arthralgia or myalgia. Using these criteria, 396 females were enrolled into the case-control
study [81]: 115 TMD−WPT cases, 84 TMD+WPT cases, and 197 controls. The numbers of
subjects used for analysis of the phenotypes and genotypes (N=344) and for analysis of gene
expression (N=195) are described in Table S1.

2.2 Assessment of psychological and self-rated health phenotypes
Prior to their clinical examination, study participants completed the short form McGill Pain
Questionnaire (MPQ), Pennebaker Index of Limbic Languidness (PILL), Perceived Stress
Scale (PSS), Short Form 12 version 2 (SF12v2), Profile of Mood States- Bi-Polar (POMS),
and State-Trait Anxiety Inventory (STAIY-1 and STAIY-2). The MPQ contains 11 verbal
descriptors assessing sensory components of pain, 5 descriptors of affective components of
pain, and 1 question about pain intensity [61]. Responses on four-point ordinal scales were
summed to compute scores for each component. The PILL asks about the frequency of 54
somatic symptoms such as itchy eyes, pimples, and dizziness [74]. Frequency was recorded
on a five-point Likert scale ranging from “never or almost never” to “more than once a
week” and the sum of all 54 responses was used as an index of somatic awareness. The PSS
asks 10 questions about responses to and perceived control over daily stressors [16].
Responses were recorded on a five-point scale ranging from “never” to “very often”. A
single summary score was computed by first reverse-coding responses to questions
regarding control and then summing all ten items. The SF-12v2 evaluated self-rated health
using 12 questions about physical and mental health. Published scoring algorithms [96] were
used to compute scales for six domains: global health rating, physical functioning, physical
roles, emotional functioning, emotional roles, and pain interference. Each scale ranged from
0 to 100, with higher values signifying better function and health. The POMS consists of 72
questions about mood-related states that were used to compute a global score of mood [55].
The STAIY-1 contains 20 statements evaluating levels of state anxiety [87], yielding a
single summary score.

2.3 Assessment of clinical and experimental pain
Following their clinical examination, study participants completed a 45 minute session of
quantitative sensory testing where they rated responses to three, standardized noxious
stimuli. First, threshold and tolerance to thermal pain were assessed on the forearm by
applying a thermode that increased in temperature at a rate of 0.5°C/sec. Threshold was
defined as the temperature at which pain was first reported, while tolerance was defined as
the highest temperature that could be tolerated (with an upper limit of 50°C). Second, ratings
of pain in response to 10 repeated thermal stimuli of 50°C applied to the right hand were
evaluated [76]. Stimuli of 0.5 sec duration were repeated once every three seconds and pain
was rated on a 0–100 numerical rating scale (NRS). Plots of each subject’s pattern of
response at each temperature were used to derive two summary measures of temporal
“windup” (highest NRS response minus lowest NRS response and slope of a linear
regression line fitted for the first five NRS responses) and two summary measures of
thermal sensitivity (first NRS and sum of all NRS responses). Third, pressure pain
thresholds in response to a hand-held pressure algometer [43] were assessed bliaterally at
two extracranial sites: trapezius muscles and the lateral epicondyle. Pressure threshold at
each site was recorded as the algometer loading (kg) at which pain was first detected.

2.4 Assessment of circulating cytokine protein levels
During the clinic visit, study participants’ whole blood was collected into EDTA-coated
vacutainer tubes and placed on ice. Whole blood was centrifuged at a speed of 1520 rcf for
10 minutes at 4°C to isolate plasma, which was aliquoted into cryotubes, fast-frozen using
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liquid nitrogen, and stored at −80°C. Plasma samples were then thawed on ice and applied
to a standard multiplex platform to simultaneously measure levels of 22 cytokines. The
panel of 22 cytokines (Fluorokine MAP Multiplex Human Cytokine Panel A- R&D
Systems; Minneapolis, MN) included the following: monocyte chemotactic protein-1
(MCP-1), macrophage inflammatory protein-1α (MIP-1α), macrophage inflammatory
protein-1β (MIP-1β), regulated upon activation normal t-cell expressed and secreted
(RANTES), epithelial-derived neutrophil-activating peptide 78 (ENA-78), fibroblast growth
factor basic (FGF basic), granulocyte colony-stimulating factor (G-CSF), granulocyte-
macrophage colony-stimulating factor (GM-CSF), interferon-γ (IFN-γ), interleukin-1α
(IL-1α), interleukin-1β (IL-1β), interleukin-1 receptor antagonist (IL-1ra), interleukin-2
(IL-2), interleukin-4 (IL-4), interleukin-5 (IL-5), interleukin-6 (IL-6), interleukin-8 (IL-8),
interleukin-10 (IL-10), interleukin-17 (IL-17), tumor necrosis factor α (TNFα),
thrombopoietin (Tpo), and vascular endothelial growth factor (VEGF). In brief, plasma
samples from 344 study participants were separately incubated with a set of color-coded
beads that were pre-coated with primary antibodies specific to each cytokine. Samples were
then incubated with a corresponding set of specific biotinylated secondary antibodies
followed by streptavidin-phycoerythrin conjugate. Finally, color-coded beads were read by a
Luminex dual laser analyzer that detects the specific analyte and the magnitude of the
phycoerythrin signal in order to determine levels of individual cytokines. Standards were
measured in duplicate and then the mean fluorescent intensity was calculated for each
sample. For a comprehensive list of detection thresholds for each cytokine, please refer to
the following URL:
http://www.rndsystems.com/product_detail_objectname_fmaphumansample.aspx.

2.5 Assessment of gene regulatory pathways
Duplicate plasma samples were analyzed for variation in gene regulation using a novel
cellular biosensor system called FACTORIAL (Attagene, Inc; Morrisville, NC) [79].
FACTORIAL was developed to assess the activity of multiple transcription factors
simultaneously, generating a transcription factor activity profile that represents a stable and
sustained cell signature to distinguish pathological conditions. The system comprises a
library of 52 reporter constructs (48 linked to specific gene regulatory pathways and 4
internal controls) that are evaluated according to their transcription rates. All reporters
produce essentially identical messages that are subjected to processing, which generates a
spectrum of distinguishable fragments that are analyzed quantitatively. The homogeneity of
the reporter library affords inherently uniform detection conditions for all reporters and
provides repeatability, accuracy and robustness of assessment. For a comprehensive list of
the reporter constructs and internal controls, please refer to the following URL:
www.attagene.com/technology.php.

Plasma samples were pooled from TMD−WPT cases, TMD+WPT cases, and healthy
controls and applied to cells in culture. To obtain a comprehensive set of possible cellular
responses that distinguish TMD−WPT and TMD+WPT from controls, we employed 4 cell
types of different tissue origin that would likely express different subsets of receptors.
Human teratocarcinoma stem cells (PA-1 cells) were selected because they express a larger
number of receptors and exhibit greater diversity in signaling compared to differentiated
cells possessing fewer specialized pathways [99]. These cells express a wide variety of
growth factor/cytokine receptors including GM-CSF, IL-1, IL-4, VEGF, TNFα, and TGFβ
[6; 9; 15; 32; 64]. Undifferentiated human neuroblastoma cells (SH-SY5Y cells) were
selected as they express pain-relevant receptors and molecules (e.g., opioids and their
receptors) [95] and posses native neuronal machinery and response characteristics [72; 92].
Human hepatoma cells (HepG2 cells) and human glioma cells (U87MG cells) were selected
because they provide model systems within which to study cytokine-relevant inflammatory
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pathways [12; 48; 50]. Twenty-four hours after transfection, cells were supplied with fresh
medium (either 1% or 10% fetal bovine serum; FBS) and incubated with or without inducer
(10% human plasma sample) for either 4 hours to gain information about primary,
immediate transcriptional responses or for 24 hours to reveal slower primary responses and
secondary responses. All experiments were performed in triplicate. The reporter cDNAs
were amplified by PCR using a pair of primers common for all reporters. The PCR products
were labeled with a fluorescent dye and digested by the HpaI. The digest produced a
spectrum of fluorescently labeled DNA fragments of different lengths that were resolved by
capillary electrophoresis (CE) and detected as separate fluorescent peaks. The capillary
electrophoresis data were processed using Attagraph™ software to generate 32 independent
transcription reporter construct profiles (4 cell types × 2 FBS concentrations × 2 time points
× 2 inducer plasma samples from TMD−WPT or TMD+WPT cases normalized to responses
generated using plasma samples from healthy controls).

2.6 Genotyping
DNA extracted from whole blood collected from study participants was genotyped by
Beckman-Coulter Genomics (Morrisville, NC) using the Algynomics Pain Research Panel
(http://www.beckmangenomics.com/genomic_services/genotyping/
pain_research_panel.html). This platform is a dedicated array for the targeted assessment of
genes involved in acute and chronic pain conditions, utilizing the Affymetrix MegAllele
platform. The panel genotypes SNPs in candidate genes whose protein products are linked to
biological pathways that influence pain transmission, inflammatory response, or
psychological state. This analysis was limited to SNPs in genes corresponding to the
cytokine proteins and transcription factors found to be associated with case status. These
included 4 SNPs in the MCP-1 gene locus (rs2857656, rs4586, rs13900, and rs1080327), 9
SNPs in the IL-1ra gene locus (rs2234676, rs1794065, rs3181052, rs419598, rs315952,
rs315951, rs4252041, rs9005, and rs315946), 4 SNPs in the IL-8 gene locus (rs4073,
rs2227307, rs2227306, and rs4694637), and 3 SNPs in the TGFβ1 gene locus (rs2241719,
rs4803455, and rs1982072).

Genotyping and SNP calls were checked for quality and filtered using utilities implemented
in PLINK version 1.07 [77]. All 301 samples exhibited Caucasian ancestry and an overall
genotype call rate < 95%. All 22 SNPs exhibited a call rate > 95%, minor allele frequency >
1% in either case or control groups, and agreement across repeated samples > 98%.

2.7 Data analysis
2.7.1 Association of circulating cytokine protein levels with case status and
intermediate phenotypes—The statistical analysis first evaluated unadjusted
associations between cytokines and case-status using one way analysis of variance (SAS
GLM procedure), testing the null hypothesis that the mean concentration of each cytokine
was equivalent in TMD−WPT cases, TMD+WPT cases, and controls. Analysis of variance
was appropriate because skewness and kurtosis of cytokine distributions was not extreme
(absolute values were 1.0 or less) and the least squares methods are robust for sample sizes
of this magnitude [57]. Bonferroni adjustment was used to determine a critical P-value of
P<0.002, therefore adjusting for multiple tests of 11 cytokines and the two pairs of case-
control comparisons (case-case comparisons were not tested). This yielded 3 cytokines that
were then tested in a multivariable generalized logit model (SAS LOGISTIC procedure) to
determine combined effects of cytokines on case-status. Parameter estimates from the final
model were used to compute predicted probabilities of each type of case, and the data were
plotted to depict effects of those cytokines and intermediate phenotypes that distinguished
between the two types of case status.
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The same three cytokines were tested for associations with 16 intermediate phenotypes:
trapezius pressure pain threshold; lateral epicondyle pressure pain threshold; thermal pain
threshold; rating of first thermal pulse from thermal windup procedure; net change in 0–100
NRS rating during thermal windup procedure; PILL somatization scale; MPQ affective
component of pain; MPQ sensory component of pain; MPQ present pain intensity; POMS
global mood scale; perceived stress scale; STAIY-1 state anxiety scale; SF12 mental health
scale; SF12 physical function scale; SF12 role emotional scale; SF12 role physical scale. A
threshold of P<0.003 was used, equivalent to Bonferroni adjustment for 16 intermediate
phenotypes.

2.7.2 Association of gene regulatory pathways with case status—The number of
inductions or inhibitions in pooled samples collected from TMD−WPT and TMD+WPT
cases relative to healthy controls was calculated for each transcription reporter construct.
Fold-induction and fold-inhibition were defined as endpoint activities of ≥1.15 and ≤0.85,
respectively, relative to healthy controls. Activities between 0.85 and 1.15 were excluded as
they fell within the reported normal range of variation for the assay. A two-tailed binomial
probability test was then performed to identify gene regulatory pathways that were
consistently induced or inhibited over random chance, assuming each sample had an equal
chance of being induced or inhibited. Under this assumption, pathways with reporter
constructs that were induced or inhibited in more than 22 of 32 profiles met the two-tailed
binomial significance level of 0.05.

2.7.3 Association of cytokine SNPs with case status—The analysis of genetic
associations began by identifying SNPs that had different allele frequencies in TMD−WPT
and TMD+WPT relative to controls. Detection of SNPs associated with case status was
performed using univariate logistic regression in Plink version 1.07
(http://pngu.mgh.harvard.edu/purcell/plink) [77], where the log odds of being a case was
modeled using each SNP from the IL-1ra (9), IL-8 (4), MCP-1 (4), and TGFβ1 (3) gene loci
as predictor variables. SNPs were represented by the number of copies (0, 1 or 2) of the
minor allele. Thus, parameter estimates from the models represent the change in log odds for
case status associated with each additional copy of that SNP’s minor allele. P-values were
calculated from the Wald Chi-square statistics, with P. Bonferroni correction of P-values
was performed using the number of SNPs in each gene locus K, such that αbonferroni = 0.05/
K.

Potential interactions were then investigated between TGFβ1 SNPs and SNPs in the MCP-1,
IL1-ra and IL-8 gene loci using the GENMOD procedure in SAS. This was a genotype-
based test, where each SNP was modeled as the number of copies of its minor allele. Log
odds of case status was modeled with three covariates: the main effect of one SNP, the main
effect of the second SNP, and an interaction term for both SNPs. This interaction term
measures the degree to which the effect of one SNP on the log odds of case status varies
according to the second SNP. The main effects for each SNP are defined similarly to the
univariate analysis, and the interaction term was the product of the main effects. Bonferroni
correction of P-values for the interaction term was applied to adjust for the total number of
pair-wise tests performed for each gene locus.

3. Results
Descriptive statistics for study participants are presented in Supplementary Table 1.
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3.1 Circulating cytokine protein levels and case status
Analysis of variance models that tested for variation in circulating cytokine protein levels
between controls and TMD subgroups revealed statistically significant differences for
MCP-1, IL-1ra and IL-8, and the pattern varied noticeably for each one (Fig. 1). Levels of
MCP-1 and IL-1ra were significantly elevated in TMD−WPT cases, but not in TMD+WPT
cases relative to controls. In contrast, levels of IL-8 were significantly elevated in TMD
+WPT cases, but not in TMD−WPT cases relative to controls. Levels of MIP-1β were also
elevated in TMD+WPT cases (P<0.01), however pairwise comparisons with controls failed
to reach the critical value of P<0.002. Of the remaining 18 cytokines, 7 failed to exhibit
differences between groups (ENA-78, FGF basic, G-CSF, IL-6, TNFα, Tpo, and VEGF) and
11 were undetectable (MIP-1α, RANTES, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, IL-4, IL-5,
IL-10, and IL-17).

3.2 Multivariable association of circulating cytokine protein levels with case status
The multivariable analysis showed independent contributions of all three cytokines, and the
effects were selective for the two case-classifications (Table 1). MCP-1 and IL-1ra were
significantly associated with TMD−WPT. The odds ratios of 1.5 for MCP-1 and 1.4 for
IL-1ra signified that an increase of one standard deviation in concentration of each cytokine
was associated with an increase of approximately 50% in odds of TMD−WPT. MCP-1 and
IL-8 were significantly associated with TMD+WPT. An increase of one standard deviation
in concentration of either cytokine was associated with an increase of approximately 50% in
odds of TMD+WPT. The association between MCP-1 and TMD+WPT was not observed in
the bivariate analysis shown at Fig 1, likely because the multivariable model removed
potential confounding effects of other cytokines. These effects can be visualized in Fig. 2,
which uses linear predictors from the model in Table 1 to show how cytokines were
differentially associated with the two case-classifications relative to controls. On the log
scale, high levels of MCP-1 or IL-1ra independently increased odds of TMD−WPT, with no
independent contribution of IL-8. In contrast, high levels of MCP-1 and IL-8 increased odds
of TMD+WPT, with no independent contribution of IL-1ra.

3.3 Circulating cytokine protein levels and intermediate phenotypes
When the same three circulating cytokines were compared with intermediate phenotypes,
distinctive patterns of association again were observed (Table 2). Levels of MCP-1, IL-1ra,
and/or IL-8 were significantly associated with 9 of the 16 intermediate phenotypes
measuring sensitivity to experimental pain, self-rated pain, self-rated health, and
psychological status. MCP-1 was significantly associated with self-rated pain, perceived
stress, self-rated physical function and physical/emotional health, and somatic awareness.
Similarly, IL-1ra was significantly associated with self-rated physical function and somatic
awareness. In contrast, IL-8 was strongly associated with experimental pressure pain
thresholds, but not with self-rated pain, self-rated health, or psychological status. Not shown
in Table 2 are the seven intermediate phenotypes that showed no significant association (ie.
P>0.003) with any of the cytokines based on the same univariate tests for association: self-
rated mental health (SF-12v2), role limitation due to mental health, mood (POMS scale),
anxiety (STAIY-1), and all three measures of sensitivity to thermal experimental pain..

3.4 Gene regulatory pathways and case status
Findings from the FACTORIAL analysis of gene regulation showed that transcription factor
activity profiles did not significantly differ across cell type or experimental condition.
Furthermore, transcription factor activity profiles remained consistent between TMD−WPT
and TMD+WPT cases. For that reason, fold-change in transcription factor activities for
TMD−WPT and TMD+WPT across cell type and experimental condition were considered
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together (for a total of 32 activity profiles per transcription reporter construct). TGFβ1
activity was consistently inhibited in cases relative to controls in 24 out of 32 profiles
(Figure 3). Fold-inductions or fold-inhibitions among the remaining 47 transcription reporter
constructs did not differ between cases and controls. Fold-change for the four internal
controls (M-06, M-19, M-32, and M-61) was at or close to 0. Thus, TGFβ1 represents a
stable and sustained marker of gene regulatory events that are altered in females with TMD
−WPT and TMD+WPT. Limited availability of biological samples did not allow us to test
transcription factor activity for individual study participants and, thus, precluded us from
studying a causative link between TGFβ1 activity and cytokine levels.

3.5 Interaction between IL-8 and TGFβ1 gene polymorphisms and case status
When evaluated individually in univariate logistic regression models, none of the 22
MCP-1, IL1-ra, IL-8, or TGFβ1 SNPs were significantly associated with odds of TMD
−WPT or TMD+WPT relative to controls. Within the IL-8 gene locus, however, two SNPs
(rs4073, rs2227307) had significant interactions with TGFβ1 SNP rs2241719 in affecting
case status (Table 3). Each of these IL-8 SNPs had similar interaction effects with
rs2241719, likely because they are in high linkage disequilibrium with one another (pair-
wise R2 > 0.95). The rs4073*rs2241719 interaction had the greatest effect on TMD+WPT
case status (adjusted P=0.03). Among females having no copies of the minor T allele of the
TGFβ1 SNP rs2241719, there was little variation in log odds of TMD+WPT according to
the number of copies of the A allele of IL-8 SNP rs4073 (Figure 4). However, among
females with one copy of the minor T allele of TGFβ1 SNP rs2241719, there was a large
decrease in log odds of TMD+WPT associated with each additional copy of the minor allele
of IL-8 SNP rs4073. As a consequence, the odds ratio for TMD+WPT associated with an
additional copy of the minor T allele of TGFβ1 SNP rs2241719 was 2.6 (95%CI = 1.1, 2.6)
in females with 0 copies of the minor A allele of IL-8 SNP rs4073, whereas the odds ratio
was 0.54 (95%CI = 0.2, 1.6) in females with 1 copy of the minor A allele of IL-8 SNP
rs4073. No significant interactions were found between MCP-1, IL1-ra and/or IL-8 SNPs
and TGFβ1 SNPs with TMD−WPT case status.

4. Discussion
Consistent with our hypothesis, females with localized and widespread manifestations of
chronic pain differed from pain-free controls with respect to their cytokine profiles
measured at different levels of the pathway from gene to protein.

4.1 Circulating cytokine protein levels
TMD−WPT cases had elevated levels of the pro-inflammatory cytokine MCP-1 and the
anti-inflammatory cytokine IL-1ra. In contrast, TMD+WPT cases had elevated levels of the
pro-inflammatory cytokine IL-8 with no compensatory increases in IL-1ra, thus indicating a
more severe pro-/anti-inflammatory imbalance among TMD+WPT cases.

We believe this is the first study to show increased concentrations of circulating MCP-1
levels in individuals with TMD. Bivariate analysis showed an association between MCP-1
and TMD−WPT, while multivariable modelling, which removes potential confounding
effects of other cytokines, revealed an association between MCP-1 and TMD+WPT as well
as TMD−WPT. MCP-1, a member of the CC chemokine family, has potent chemotactic
activity for monocytes and macrophages which express its receptor CC chemokine
receptor-2 (CCR2) [31]. MCP-1 is expressed on sensory neurons and its expression in both
neurons and peripheral tissues is upregulated following local inflammation [44]. In animal
models, administration of MCP-1 produces mechanical and thermal hyperalgesia [3; 78] and
stimulates release of calcitonin gene-related peptide (CGRP), a key molecule involved in
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pain transmission [78]. Based on their findings that MCP-1 was elevated in TM joint fluid of
TMD patients, Ogura and colleagues proposed that MCP-1 contributes to TMD by
promoting recruitment of mononuclear cells into inflamed synovial tissues [69]. MCP-1 has
also been observed in individuals with chronic systemic inflammation [49; 80], supporting
our findings and suggesting that a generalized pro-inflammatory state might contribute to
painful TMD.

Our finding of elevated circulating IL-8 levels in TMD+WPT cases is consistent with results
from clinical studies showing that fibromyalgia patients exhibit elevated plasma or sera IL-8
levels [7; 36; 47; 71; 93; 94] and that IL-8 levels are positively correlated with symptom
duration [93]. IL-8 is a member of the CXC chemokine family well known for its ability to
regulate inflammatory processes [65]. Upon release from activated macrophages and
endothelial cells, IL-8 binds to CXC receptor 1 (CXCR1) and CXC receptor 2 (CXCR2) on
neutrophil cell surfaces to stimulate cell migration and release of additional pro-
inflammatory mediators [66]. IL-8 also represents a neuroimmune link to pain.
Administration of IL-8 produces dose-dependent hyperalgesia, which is mediated by
sympathetic amines that sensitize nociceptors [3; 17; 20]. In animals, administration of anti-
IL-8 serum [17; 18] or an allosteric inhibitor of CXCR1 and CXCR2 receptors [19] reduces
the severity of persistent pain. In fibromyalgia patients, biopsychosocial and exercise
therapies that reduce circulating IL-8 levels, also reduce pain [71; 94].

Abnormalities in levels of pro-inflammatory cytokines among cases were accompanied by
alterations in levels of anti-inflammatory cytokines. Individuals with TMD−WPT had
elevated levels of the anti-inflammatory cytokine IL-1ra, while those with TMD+WPT did
not. IL-1ra is a member of the IL-1 cytokine family that serves as an endogenous negative-
feedback regulator to control potentially pathologic inflammatory events [5]. In response to
acute-phase proteins and other cytokines, IL-1ra is secreted by monocytes, macrophages,
and neutrophils to block activity of IL-1 pathways involved in inflammation and pain [5]. In
animals, IL-1ra blocks the development of IL-8-induced mechanical hyperalgesia [23]. In
vitro studies have further shown that IL-1ra suppresses the expression of IL-8 [82], which
may explain two of our findings: a lack of elevated IL-8 levels in TMD−WPT cases with an
intact IL-1ra response; and presence of elevated IL-8 levels in TMD+WPT cases with an
impaired IL-1ra response. Clinical studies of TMD have shown that elevated plasma IL-1ra
levels are associated with reductions in pain [52]. The impaired IL-1ra response among
TMD+WPT cases, suggests that therapies enhancing IL-1ra levels may prove especially
efficacious for individuals with widespread pain.

Cytokines were also differentially associated with intermediate phenotypes characteristic of
TMD and WPT. MCP-1 was associated with self-rated pain, self-rated physical function,
and psychological status. Similarly, IL-1ra was associated with self-rated physical function
and psychological status. In contrast, IL-8 was associated with experimental pressure pain
thresholds. Thus, MCP-1/IL-1ra and IL-8 may differentially contribute to localized and
widespread pain, respectively, through influencing distinct pathways involved in either self-
rated health or pain processing. The finding that IL-8 was exclusively associated with
pressure pain is in line with that of Gur and colleagues who found that IL-8, but not IL-1β or
IL-6, is associated with evoked pressure pain, but not clinical pain, physical functioning, or
depression [36].

4.2 Cytokine transcription factor activity
Together, these results suggest that low levels of IL-1ra relative to high levels of
proinflammatory cytokines lead to pain manifesting in several anatomical locations and to
poorer self-rated health. Imbalances in levels of pro- and anti-inflammatory cytokines may
drive chronic pain by altering the relative expression of genes linked to relevant biological
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pathways [63; 68; 70; 90]. Here, FACTORIAL analysis of gene regulatory pathways
indicated that TGFβ1 activity was consistently inhibited in both TMD−WPT and TMD
+WPT cases relative to controls. TGFβ1 is an anti-inflammatory cytokine which also has
pleiotropic effects on cellular functions such as proliferation, differentiation, and tissue
repair [10; 41; 56]. Pro-inflammatory cytokines stimulate synthesis and release of TGFβ1
from macrophages in the periphery and glial cells in the central nervous system, which in
turn can block immune cell proliferation, free radical induction, and additional pro-
inflammatory cytokine release [21; 29; 54; 88]. A protective role for TGFβ1 in both the
development and maintenance of chronic pain was recently demonstrated by Echeverry and
colleagues who found that TGFβ1 administration prior to or following peripheral nerve
injury normalized pain behavior in rats [29]. Furthermore, TGFβ1 administration suppressed
activation of microglia and astrocytes, minimized neuronal damage by decreasing the
expression of MCP-1, and reduced the expression of local pro-inflammatory cytokines.

TGFβ1 signalling is mediated through activation of the Smad family of proteins, which
translocate into the nucleus to regulate expression of target genes, including MCP-1 and
IL-8 [1; 24; 35]. While the net effect of TGFβ1 signaling is to govern the resolution of
inflammation [83], the specific effects of TGFβ1/Smad signalling on gene expression differ
depending on factors such as cell type, differentiation state, and local cytokine milieu. Thus,
inhibited TGFβ1 activity may represent a common marker of impaired Smad gene
regulatory events in localized and widespread pain, while patterns of MCP-1, IL-1ra, and
IL-8 levels distinguish pro-inflammatory processes specific to either TMD−WPT or TMD
+WPT.

4.4 Cytokine genotype
An additional layer of complexity is added when considering the contribution of genetic
variability. Genetic polymorphisms that influence the synthesis and release of cytokines [22;
39; 97; 98] have been associated with complex chronic pain conditions such as low back
pain, irritable bowel syndrome, and vulvar vestibulitis [30; 73; 85]. In the present study, we
identified SNPs in IL-8 and TGFβ1 genes that interacted to affect odds of TMD+WPT.
Specifically, the minor T allele of TGFβ1 rs2241719 either increased or decreased odds of
TMD+WPT, depending on the number of copies of the minor A allele of IL-8 rs4073.

The minor rs4073 A IL-8 allele is a common variant (allele frequency = 0.489) located 251
base pairs upstream of the transcription start site. Individuals homozygous for rs4073 A
allele exhibit increased IL-8 production [40] and increased risk of diabetic neuropathy [2].
The minor rs2241719 A TGFβ1 allele (allele frequency = 0.154) is located in the 3′
untranslated region (UTR) of the gene. Variation in 3′ untranslated regions can alter
translation efficiency, RNA secondary structure, RNA stability, and RNA-protein
interactions [13; 14]. While rs2241719 has not been examined in previous genetic
association studies or functional assays, it is located near rs2241718 which has been linked
to the pathogenesis of chronic obstructive pulmonary disease [11]. Thus, rs2241719 may
represent either a functional SNP or a marker for rs2241718 or another functional SNP.

Others have observed epistatic interactions between IL-8 and mutations located in molecular
pathways related to the ones seen here. For example, the protective effect of IL-8 rs4073 T
on risk of inflammatory eye disease was significantly increased by an exonic SNP in the
gene encoding matrix metallopeptidase 9 (MMP9), a functionally-related collagenase
involved in inflammation and tissue remodelling [67]. Thus, the epistatic interaction
observed between IL-8 and TGFβ1 genes likely reflects biological interactions between their
products as described above. Future studies aimed at understanding this and other epistatic
interactions will help us further understand the immunopathology underlying chronic pain
conditions such as TMD and WPT.
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5. Conclusion
In conclusion, these findings illustrate how localized and anatomically widespread patterns
of chronic pain are associated with distinctive profiles of inflammatory biomarkers at
protein, transcription factor activity, and gene levels. The anti-inflammatory cytokine IL1-ra
was associated specifically with localized TMD, while the pro-inflammatory cytokine IL-8
was associated specifically with TMD+WPT. This pattern, together with differential
contributions to intermediate phenotypes, suggests that cytokines might serve as useful
diagnostic markers to distinguish between etiologically-distinct manifestations of chronic
pain. Furthermore, these results suggest that therapeutics able to normalize levels of MCP-1
and IL-8 as well as enhance IL-1ra and TGFβ1 signaling could be beneficial for treating
chronic pain. Finally, the epistatic interactions observed between IL-8 and TGFβ1 highlight
the possibility that such therapies might need to be personalized according patients’ genetic
susceptibility to pathologic immune responses.
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Fig. 1.
Circulating cytokine protein signatures differ among TMD−WPT and TMD+WPT cases.
MCP-1 and IL-1ra are TMD-specific as their levels are elevated in TMD−WPT, but not in
TMD+WPT cases. IL-8 is TMD+WPT-specific as its levels are elevated in TMD+WPT, but
not in TMD−WPT cases. N = 344. Data are Mean ± SEM. *P<0.002, the critical P-value
after Bonferroni correction testing for differences between each case group versus the
control group.
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Fig. 2.
Circulating cytokine levels are differentially associated with log-odds of TMD−WPT and
TMD+WPT. (A) Both MCP-1 and IL-1ra are independently associated with log-odds of
TMD−WPT, whereas IL-8 is not. (B) In contrast, IL-8 and MCP-1 are associated with odds
of TMD+WPT, while IL-1ra is not. Predicted odds, plotted on the log scale, was calculated
for each case classification relative to controls using parameter estimates from a
multivariable generalized logit model shown in Table 3 (N=344 females). Cytokine protein
levels were modelled as continuous variables, each transformed to unit normal deviates.
“Lo” signifies a value of one standard deviation below the mean for the cytokine and “Hi”
signifies a value of one standard deviation above the mean for the cytokine.
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Fig. 3.
TGFβ1 transcription activity is altered among TMD−WPT and TMD+WPT cases. Fold-
change in transcription factor activities for TMD−WPT and TMD+WPT cases across cell
type and experimental condition are shown. TGFβ1 activity was consistently inhibited in
cases relative to controls in 24 activity profiles. Fold-inductions or fold-inhibitions among
the remaining 47 transcription reporter constructs did not differ between cases and controls.
Data are the number of fold-inductions (values above 0) or fold-inhibitions (values below 0)
out of 32 activity profiles per transcription factor in TMD−WPT and TMD+WPT cases
relative to healthy controls. The solid line set at 0 represents no change relative to controls,
while the dashed lines set at 22 and −22 represent cut-offs corresponding to the number of
inductions or inhibitions expected by chance based on a two-tailed binomial probability test.
The value for TGFβ1 fell outside the boundaries of the chance expectation, and therefore is
statistically significant (P<0.05).
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Fig. 4.
IL-8 and TGFβ1 SNPs interact to affect log-odds of TMD+WPT. Predicted log-odds of
TMD+WPT is from a logistic regression model testing for effects of IL-8 and TGFβ1 SNPs,
each modeled as the number of copies of the minor alllele and the interaction between the
two SNPs (N=344 females). Contrasting effects of IL-8 on case status were apparent. Log-
odds of TMD+WPT was not associated with the number of copies of the minor A allele of
IL-8 rs4073 among heterozygotes of the major A allele of TGFβ1 rs2241719. In contrast,
log-odds of TMD+WPT was markedly reduced with each additional copy of the minor A
allele of IL-8 rs4073 among heterozygotes of the major A allele of TGFβ1 rs2241719.
Likewise, contrasting effects of TGFβ1 on case status were apparent. Among females with 0
copies of the minor A allele of IL-8 rs4073 (●), an additional copy of the minor T allele of
TGFβ1 rs2241719 was associated with an increase of 0.97 in the log-odds of TMD+WPT.
This is equivalent to an odds ratio of 2.6 (95%CI = 1.6, 6.2) for the association of the T
allele of TGFβ1 with TMD+WPT among homozygotes for the major A allele of IL-8
rs4073. In contrast, among females with 1 copy of the minor A allele of IL-8 rs4073 (◆), an
additional copy of the minor T allele of TGFβ1 rs2241719 was associated with a decrease of
0.60 in the log-odds of TMD+WPT. This is equivalent to an odds ratio of 0.55 (95%CI =
0.24, 1.3) for the association of the T allele of TGFβ1 with TMD+WPT among
heterozygotes for IL-8 rs4073. Among females with 2 copies of the minor A allele of IL-8
rs4073 (■), there was a corresponding reduction of 2.2 in log-odds of TMD+WPT,
equivalent to an odds ratio of 0.11 (95% CI = 0.02, 1.3). Only eight individuals were
homozygous for the minor allele T of TGFβ1 rs2241719, so data for that genotype are not
plotted.
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Table 2

Standardized regression coefficients for relationships between cytokines and intermediate phenotypes

Intermediate phenotype

Cytokine

MCP-1 IL-1ra IL-8

Pressure pain threshold on trapezius (QST) 0.00 0.03 −0.27*

Pressure pain threshold on lateral epicondyle (QST) 0.01 0.01 −0.29*

Affective component of pain (MPQ) 0.22* 0.06 0.00

Sensory components of pain (MPQ) 0.17* 0.03 0.01

Intensity of current pain (MPQ) 0.27* 0.09 0.02

Somatic awarness (PILL) 0.18* 0.17* 0.01

Psychological stress (PSS) 0.17* 0.13 −0.08

Physical functioning (SF12v2) −0.23* −0.21* 0.07

Role limitations due to physical health (SF12v2) −0.19* −0.13 0.02

QST = Quantitative Sensory Testing, MPQ = McGill Pain Questionnaire, PILL = Pennebaker Inventory of Limbic Languidness, PSS = Perceived
Stress Scale, SF12v2 = Short Form 12 version 2. Data = standardized β coefficient. Not listed are seven intermediate phenotypes that were not
signficantly associated (P>0.0035) with any of the cytokines: thermal pain threshold, thermal pain first pulse rating, thermal pain windup, profile of
mood states global score, state anxiety score mental health and role limitation due to mental health.

*
P<0.003, equivalent to Bonferroni correction for 16 intermediate phenotypes.
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