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Background: We investigated interactions between genetic and psychological factors in
predicting shoulder impairment phenotypes. We hypothesized that pro-inflammatory genes
would display stronger relationships compared with pain-related genes when combined with
psychological factors for predicting phenotypic changes.

Subjects and methods: Altogether, 190 participants completed a 5-day experimental protocol.
An experimental shoulder injury model was used to induce physical impairment, and a priori
selected genetic (pain-related, pro-inflammatory) and psychological (anxiety, depressive symp-
toms, pain catastrophizing, fear of pain, kinesiophobia) factors were included as predictors of
interest. Impairment phenotypes were injury-induced deficits in range of motion (ROM) and
strength. After controlling for age, sex, and race, genetic and psychological predictors were
entered separately as main effects and interaction terms in regression models for each phenotype.
Results: Strong statistical evidence was provided for interactions between: 1) IL-1[ (rs1143634)
and fear of pain for predicting loss of shoulder flexion and abduction, 2) IL-1 (rs1143634) and
anxiety for predicting loss of flexion, and 3) IL-1P (rs1143634) and depressive symptoms for
predicting loss of internal rotation. In addition, the interaction between OPRM1 (rs1799971)
and fear of pain as well as COMT (rs4818) and pain catastrophizing provided strong statistical
evidence for predicting strength loss.

Conclusion: Pro-inflammatory gene variants contributed more to physical impairment with
two single nucleotide polymorphisms (SNPs; IL-1f [rs1143634] and TNF/LTA [rs2229094])
interacting with psychological factors to predict six shoulder impairment phenotypes. In com-
parison, two pain-related gene SNPs (OPRM1 [rs1799971] and COMT [rs4818]) interacted
with psychological factors to predict four shoulder impairment phenotypes (abduction: 5-day
average loss; strength loss: 5-day average, peak, and relative loss).

Keywords: single nucleotide polymorphisms, inflammation, IL-1B, fear of pain, pain
catastrophizing

Introduction

Shoulder injuries are a common cause of persistent musculoskeletal pain and dysfunc-
tion.!”® Studies have shown that athletes involved in overhead throwing sports experi-
ence shoulder injuries at prevalence rates between 20% and 91%.%* Shoulder injury is
characterized by prolonged strength loss and restricted range of motion (ROM) along
with pain and disability.%” Consequently, only 50% of shoulder injuries in primary care
settings resolve within the first 6 months after injury, with 40% of cases persisting for
more than 12 months.®'* Traditionally, sports medicine practitioners use self-report
ratings of pain and disability along with objective measures of physical impairment

submit your manuscript
Dove

http:

Journal of Pain Research 2018:11 2497-2508 2497
© 2018 Borsa et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.

TACM php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
www.dovepress.com
www.dovepress.com
www.dovepress.com

Borsa et al

Dove

as outcomes when reporting the severity of the injury as well
as the extent of recovery during rehabilitation.” It is well
known that the symptomatic response following injury can be
impacted by biological and psychological factors; however,
very little is known about how biological and psychologi-
cal factors interact to influence the magnitude of physical
impairment after shoulder injury.

Diatchenko et al'! proposed a theoretical model that
identified environmental, genetic, psychological, and pain
amplification factors as important in the development of
acute and chronic pain conditions. Psychological factors
are predictive of prolonged recovery following musculo-
skeletal injuries and have been associated with increased
pain or disability in studies of low back,'? knee, ! cervical,'*
and shoulder pain.'>!'7 Recently, genetic factors have been
implicated in the development of shoulder pain following
exercise-induced shoulder injury.'32! A select group of pain-
related®?° and pro-inflammatory?' genes when combined
with pain-associated psychological factors has shown predic-
tive value for identifying individuals who may be at risk for
experiencing increased pain intensity and duration following
shoulder injury. For example, George et al'®!” reported that
an interaction between elevated pain catastrophizing and a
catechol-O-methyltransferase (COMT) genotype for high
pain sensitivity resulted in higher shoulder pain in exercise-
induced injury and surgical cohorts. More recently, George et
al® were able to confirm that the COMT genotype interacts
with pain-associated psychological factors and identified
additional interactions with other pain modulatory genes
such as AVPR1A, KCNS1, and ADRB2 that were thought to
increase or prolong the pain experience. In addition, George
et al*! investigated the combined influences of pro-inflam-
matory and psychological factors on several shoulder pain
phenotypes. The findings indicate strong statistical evidence
for the interactions between TNF/LTA single nucleotide
polymorphism (SNP) rs2229094 and depressive symptoms
for pain intensity and duration and IL1[3 2-SNP diplotype and
kinesiophobia for average shoulder pain intensity.

What is not currently known is whether these same pro-
inflammatory and pain-related genes when combined with
pain-associated psychological factors have predictive value
for identifying individuals at risk for experiencing increased
physical impairment following musculoskeletal injury. If
pro-inflammatory genes have a role in the upregulation of
pro-inflammatory mediators, a greater magnitude of physi-
cal impairment may be expected. Therefore, our primary
objective was to identify interactions between selected
pain-related and pro-inflammatory genes and pain-associated

psychological factors that predict shoulder impairment
phenotypes better than individual genetic or psychological
factors alone. We hypothesized that pro-inflammatory genes
will display stronger relationships compared with pain-
related genes when combined with psychological factors for
predicting these phenotypic changes.

Subjects and methods

Participants

Participants were otherwise healthy men and women of any
racial/ethnic background. Participants were paid volunteers.
To meet the inclusion criteria, participants had to be between
the age of 18 and 85 years and not currently performing
resistance exercise of the upper extremity during the previ-
ous 6 weeks. Participants were also excluded if they 1) were
currently experiencing neck or shoulder pain, 2) had any
neurological impairment of the upper extremity, such as
loss of sensation, muscle weakness, or reflex changes, 3)
were currently taking pain medication, or 4) had previous
history of shoulder surgery. These eligibility criteria are the
same as those used in our previous studies.'>! All partici-
pants provided signed informed consent, and the study was
approved by the institutional review board of the University
of Florida. All experimental procedures followed in this
study conformed to the Code of Ethics of the World Medical
Association (Declaration of Helsinki).

Procedures
All participants underwent five testing sessions on con-
secutive days. During the first session, subjects 1) read and
signed the informed consent approved by the institutional
review board; 2) completed a series of brief questionnaires
asking for demographic data including age, height, and
weight; 3) filled out previously validated questionnaires;
4) had pre-injury (baseline) impairment measures taken;
5) had DNA collected via buccal swabs; and 6) performed
a concentric—eccentric isokinetic exercise protocol on their
dominant shoulder. Our study used a fatigue protocol for the
shoulder that induced controlled micro-trauma resulting in
inflammation, muscular pain, and loss of physical function.
We used the exercise-induced injury protocol, because it is a
validated model of muscle-related shoulder pain and associ-
ated impairment that lasts several days up to a week." 2! We
included shoulder impairment phenotypes (isometric strength
and ROM) as outcomes to represent different aspects of the
musculoskeletal injury experience.

Subjects were asked to return to the laboratory post injury
at 24-hour intervals for the next 4 days. If shoulder pain and
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disability continued after the 5th study day, subjects were
sent an email prompting them to report symptom intensity
via a web-based data collection tool.

Self-report measures

Negative mood

Depressive symptoms were assessed through the Patient
Health Questionnaire (PHQ). The PHQ is a nine-item mea-
sure that assesses both symptoms and severity of depres-
sion.”> The PHQ examines how often you have particular
thoughts or feeling and is rated on a 4-point scale, where 0
means “not at all” and 3 means “nearly every day.” Anxiety
was assessed with the State-Trait Anxiety Inventory (STAI)
which is a 40-item measure for symptoms of anxiety.?*> Only
the 20-item trait portion of the STAI was used in the data
analysis to capture a dispositional construct.

Fear-avoidance model

Fear of pain, fear of reinjury/movement, and pain catastro-
phizing were the fear-avoidance model-specific constructs
of interest for this study. We used a shortened version of
the Fear of Pain Questionnaire (FPQ)-III. The FPQ-III is
a well-validated instrument that is appropriate for use in
nonclinical and clinical populations.? The shortened version
contains nine items that correlated highly with the original
30-item scale in previous studies.!>!® The items assess fear
of specific situations that would normally produce pain
on a 5-point rating scale, where a score of 5 represents
“extremely painful” and a score of 1 represents “not at all
painful.” The Tampa Scale of Kinesiophobia (TSK) consists
of eleven items and is used to measure the fear of movement/
reinjury. It is rated on a 4-point scale, where a score of 4
represents “strongly agree” with the statement and a score
of 1 represents a “strongly disagree.” Subjects were asked
to complete the TSK on each visit to the laboratory. The
total score was used in the current study. The TSK has been
deemed a valid and reliable method for determining fear of
movement/reinjury in both clinical and nonclinical popula-
tions.? The Pain Catastrophizing Scale (PCS) consists of 13
items and assesses different thoughts that may be associated
with experiencing pain. It is rated on a 5-point scale, where a
score of 4 means “you worry all the time about the pain” and
a score of 0 means “not at all”.?® Subjects were instructed to
rate the degree to which they have specified feelings when
experiencing pain. Three dimensions of pain catastrophizing
have been identified, but only the total score was used for
the current study. The PCS has been validated for clinical
and nonclinical populations.?

Genetic data generation

Gene and SNP selection

Genetic predictors were selected a priori based on allele
frequencies, status as tagging SNPs, functional data, and
promising findings in human association studies involving
experimental or clinical pain phenotypes. All 19 SNPs (eight
pro-inflammatory and eleven pain-related) chosen were bi-
allelic. The specific SNPs selected for each gene had minor
allele frequencies in white populations of European descent
(the majority of our subjects) that ensured adequate power in
statistical analyses. The pro-inflammatory SNPs included the
following: IL-1[ (rs1143627,rs16944, and rs1143634), IL-6
(rs1800797, rs2069840), TNF/LTA (rs229094, rs1800683),
and TNF-308 (rs1800629). The pain-related SNPs included
the following: COMT (rs6269, rs4633, rs4818, and rs4680),
OPRM1 (rs1799971), ADRB2 (rs1042713 and rs1042714),
AVPRI1A (151042615 and rs1087796), GCH1 (rs2149482),
and KCNSI (rs734784).

Genotyping

The distribution of the genotypes and genotyping of the 19
SNPs was performed using standard methods as described
in our previous publications.?**! Briefly, DNA was extracted
from saliva (buccal swabs) using the PureGene system (Qiagen
NV, Venlo, the Netherlands). DNA quality and quantity were
verified with spectrophotometry, and sample aliquots were
diluted to 10 ng/uL. The DNA samples were genotyped in
96-well plate format using ABI/Life Technologies TagMan
SNP genotyping assays (ABl/Invitrogen Inc., Carlsbad, CA)
at the UF Pharmacogenetics Core, with Applied Biosystems
7900 HT platform (Applied Biosystems, Foster City, CA). The
plates included several blanks and duplicates for quality con-
trol. Distribution of genotypes is summarized in Tables 1 and 2.

Physical impairment measures

ROM

Shoulder ROM was assessed using a standard plastic goni-
ometer in the following movement planes: forward flexion
and abduction (active ROM) and internal rotation (passive
ROM). Forward flexion and abduction of the glenohumeral
joint was measured actively with the subject in the standing
position. Subjects were instructed to either flex or abduct
the arm until the end ROM was attained and hold the posi-
tion until a measurement was obtained. The procedures for
measuring active flexion and abduction followed guidelines
established by Clarkson®® and have previously been reported
in the literature to have good intrarater reliability with intra-
class correlation coefficients of >0.85. Internal rotation of
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Table | Descriptive statistics for inflammatory genes and SNPs

Table 2 Descriptive statistics for pain candidate genes and SNPs

Gene SNP Genotype | Number, | MAF (allele, Gene SNP Genotype | Number, | MAF (allele,
% number, %) % number, %)
TNF/LTA | rs2229094 CC 15, 8.6 C, 99,284 ADRB2 rs1042713 AA 30, 16.0 A, 152, 40.6
CT 69, 99.7 AG 92,49.2
TT 90,51.7 GG 65, 34.8
rs 1800683 AA 21,124 A 112, 33.1 rs10427 14 CC 62, 34.1 G, 127, 36.9
AG 70, 41.4 CG 93,51.1
GG 78, 46.2 GG 27, 14.8
TNF-308 | rs18000629 | AA 3, 1.6 A, 54, 145 coMT rs4633 CcC 59,31.6 T, 176, 47.0
AG 48, 25.8 CT 80, 42.8
GG 135,72.6 TT 48, 25.7
IL-15 rs| 143627 AA 68, 36.8 G, 145, 39.2 rs6269 AA 55,30.2 G, 157, 43.1
GA 89, 48.1 GA 97.53.3
GG 28, 15.1 GG 30, 16.5
rs|6944 AA 26, 13.9 A, 143, 382 rs4818 CC 65, 36.3 G, 142, 39.7
GA 91, 48.7 CG 86, 48.0
GG 70, 37.4 GG 28, 15.6
rs| 143634 AA 10, 5.6 A 57,31.6 rs4680 AA 42,232 A, 170, 46.9
GA 57, 32.0 AG 86, 47.5
GG 111, 62.4 GG 53,293
IL6 rs1800797 AA 27, 14.3 A, 125, 33.1 OPRM| rs1799971 AA 137, 72.5 G, 62, 164
AG 71, 37.6 AG 42,222
GG 91, 48.1 GG 10, 5.3
rs2069840 cC 95, 50.3 G, 120, 31.7 AVPRIA rs1042615 AA 31, 16.7 A, 146, 39.2
CG 68, 36.0 AG 84, 45.2
GG 26, 13.8 GG 71,382
Abbreviations: MAF, minor allele frequency; SNP, single nucleotide polymorphism. rs10877969 | CC 19,102 C, 104,27.9
CT 66, 35.5
TT 101, 54.3
GCHI rs3783641 AA 6,33 A, 64,177
the glenohumeral joint was measured passively. Subjects AT 52287
. . .. . . TT 123, 68.0
were placed in a supine position on a padded table with their KNS 4784 cc 2%, 142 C 156 426
shoulder abducted to 90° and their elbow slightly off the table. CcT 104, 56.8
The stationary arm of the goniometer was held perpendicu- T 53,29.0

lar to the floor, and the moment arm was aligned with the
medial styloid of the ulna. The fulcrum of the goniometer was
aligned with the olecranon process of the ulna. The subject
was instructed to relax as the examiner passively moved the
limb into internal rotation. The end point for internal rota-
tion was determined when the subject’s shoulder began to
lift off the table. Each ROM measurement was performed
three times, and an average was calculated for that session.

Maximal voluntary isometric contraction (MVIC)

MVIC was measured on a Kin-Com dynamometer (125 AP;
Isokinetics International, Chattanooga, TN, USA). Subjects
were secured in the Kin-Com with strappings as per rec-
ommended standards by the manufacturer. The dominant
arm was positioned at 45° of abduction and 45° of external
rotation. This position has been found to limit impingement
of the rotator cuff under the acromion process.?’ The arm
remained stationary while subjects pushed against a pad
that had a load cell embedded to measure the applied force.

Abbreviations: MAF, minor allele frequency; SNP, single nucleotide polymorphism.

The subject performed three trials, and the highest strength
measurement was recorded in pounds of force. This mea-
surement was then converted to torque (force X distance).
Distance was recorded as the length of the level arm, which
remained constant throughout the week.

Shoulder fatigue protocol

Controlled muscle injury was induced using the Kin-Com
isokinetic dynamometer. Detailed methods for the exercise-
induced injury model have been described in our previous
studies,'>2! and a brief description is provided in this paper.
An MVIC was determined by having the participants perform
three repetitions of maximal isometric shoulder external rota-
tion. The highest torque value was recorded as their MVIC.
After initial MVIC was determined, subjects completed maxi-
mal isokinetic concentric/eccentric external rotation repetitions
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to induce an experimental muscle injury. The speed was set at
60°/s for three sets of ten repetitions. Subjects were given 30
seconds of rest between sets. Following the isokinetic repeti-
tions, MVIC was measured, and if subjects could still generate
>50% of their initial MVIC, they performed an additional one
to eight sets of ten repetitions at 60°/s. This was continued
until their peak force was <50% of the initial MVIC. Previous
research indicated that the inability to achieve 50% of initial
peak MVIC is a consistent indicator of muscle fatigue.*

Statistical analyses

All statistical analyses were conducted using SAS version
9.2 (SAS Institute Inc., Cary, NC, USA). Summary statistics
were calculated for all demographic, psychological, genetic,
and shoulder impairment outcome measures. Impairment
measures for ROM were recorded as a peak and average
value. Impairment measures for strength included a peak
and an average value as well as a percentage value. The peak
loss value was the greatest deficit measure from baseline
(pre-exercise) over the postexercise recovery period, while
the average loss value was recorded as the average deficit
over the postexercise recovery period. The percentage value
for strength was recorded as the ratio of the average of the
postexercise period to the pre-exercise, baseline day.

For every pro-inflammatory and pain-related gene, a gen-
eral linear model was fitted to assess its main effect (genotype
level) and a series of expanded models were fitted to study its
interaction with five psychological factors for each shoulder
impairment outcome. Each model had the same structure with
four increments, including 1) demographic data (age, sex,
and race), 2) genotype, 3) psychological factor, and 4) the
gene-by-psychological factor interaction. In this approach,
the inflammatory/pain gene-by-psychological interaction
effect was determined individually after accounting for the
other predictor variables to identify its unique prediction of
variability for the respective shoulder impairment phenotype.

In this secondary analysis, we took a structured approach
to interpreting the statistical findings that followed our earlier
papers.?*2! Interaction terms with P-values of <0.01 were
considered as showing “strong” statistical evidence for pre-
dicting the impairment phenotype of interest, whereas those
interaction terms with P-values of 20.01 but <0.05 were
considered as showing “moderate” statistical evidence for
predicting the impairment phenotype of interest. Interaction
terms with P-values of 20.05 were not further considered for
interpretation. Models meeting our criterion for strong or
moderate statistical evidence of a genotype-by-psychological
factor interaction are summarized in Tables 3 and 4.

Results

Altogether, 190 subjects completed the study, and the cohort
had an average age of 23.0£6.0 years (mean £ SD) with 61%
female participants. Sample size was determined a priori
using data collected from preliminary studies.'®! These data
provided estimation of effect parameters for the genetic and
psychological factors as well as their interactions. These
parameters were specified in terms of R? of the full model
and R? difference between full and the reduced models. The
SAS POWER procedure (version 9.2, SAS Institute, Cary,
NC, USA) was adopted to evaluate the required sample
sizes to achieve a target power of 80% to test each effect at
a type I error level of 0.005. Descriptive data (mean = SD)
for participant characteristics, psychological factors, and
impairment measures are summarized in Table 5.

Active ROM: flexion

The interaction between IL-1B (rs1143634) and FPQ dem-
onstrated strong statistical evidence for predicting 5-day
average loss of active shoulder flexion associated with
exercise-induced injury. The complete regression model
was able to explain 14.6% of the total variance (P=0.002),
while the gene and psychological interaction was able to
independently account for 10.5% of the overall variance
(P<0.0001; Figure 1). The interaction between IL-13
(rs1143634) and STAI demonstrated strong statistical evi-
dence for predicting loss of peak flexion associated with
exercise-induced injury. The complete regression model
was able to explain 10.3% of the total variance (P=0.030),
while the gene and psychological interaction was able to
independently account for 5.7% of the overall variance
(P=0.0058; Figure 1).

Active ROM: abduction

The interaction between IL-1[ (rs1143634) and FPQ dem-
onstrated strong statistical evidence for predicting loss of
5-day average abduction associated with exercise-induced
injury. The complete regression model explained 14.5% of
the total variance (P=0.003), while the gene and psychologi-
cal interaction was able to independently account for 8.5%
of the overall variance (P=0.0006; Figure 2). The interaction
between IL-1P (rs1143634) and FPQ demonstrated strong
statistical evidence for predicting loss of peak abduction
associated with exercise-induced injury. The complete
regression model was able to explain 9.9% of variance
(P=0.026), while the gene and psychological interaction
was able to independently account for 7.2% of the overall
variance (P=0.0027; Figure 2).
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Notes: Models in bold with shading met criterion for strong statistical evidence of interaction term (P<0.01). Models with shading met criterion for moderate statistical evidence of interaction term (P<0.05).

Abbreviations: FPQ, Fear of Pain Questionnaire; MVIC, maximal voluntary isometric contraction; PCS, Pain Catastrophizing Scale; ROM, range of motion; STAI, State-Trait Anxiety Inventory.

Table 5 Descriptive statistics for demographic data, psychological
factors, and impairment measures

Variable Mean * SD | Median
or (minimum,
frequency | maximum)
or percent
Age (years) 23.0+6.0 21 (18, 58)
Sex Female 116 61%
Male 74 39%
Race White 153 81%
Black or African | 12 6%
American
Others 24 13%
Dominant hand | Right 171 90%
Left 19 10%
Psychological factors
FPQ_total 23.445.8 24 (9, 38)
PCS_total 9.9+7.7 10 (0, 38)
PHQ_total 2.743.2 2 (0, 22)
STAI_total 45.613.1 46 (37, 53)
TSK_total 18.0+4.2 17 (11, 34)
ROM (°)
Flexion: peak 170.618.5 171 (149, 196)
Flexion: 5-day average 165.5+9.6 165.7 (128,
190.4)
Abduction: peak 170.2%1 1.1 173 (128, 195)
Abduction: 5-day average 164.4+13.5 168 (113.6,
189.8)
Internal rotation: peak 64.8+12.8 64 (38, 117)
Internal rotation: 5-day average 55.419.9 56.6 (23.6, 81.4)
Muscle strength (Nm)
MVIC: peak 14.0+6.2 12.7 (4.9, 38.7)
MVIC: 5-day average 10.945.9 9.7 (1.7, 33.3)
MVIC: relative (% of baseline) 71.0+20.4 73 (222, 120.1)

Abbreviations: FPQ, Fear of Pain Questionnaire; MVIC, maximal voluntary
isometric contraction; PCS, Pain Catastrophizing Scale; PHQ, Patient Health
Questionnaire; ROM, range of motion; STAI, State-Trait Anxiety Inventory; TSK,
Tampa Scale of Kinesiophobia.

Passive ROM: internal rotation

The interaction between IL-1p (rs1143634) and PHQ demon-
strated strong statistical evidence for predicting peak internal
rotation loss associated with exercise-induced injury. The
complete regression model was able to explain 12.1% of vari-
ance (P=0.009), while the gene-by-psychological interaction
was able to independently account for 6.2% of the overall
variance (P=0.0035; Figure 3).

Figures 1-3 show that the strength of the interactions
for the IL-1PB (rs1143634) variant is primarily driven by
the AA homozygotes. However, this is a very small group
(n=10; 5.6%) making the interaction vulnerable to chance
findings.
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Figure | (A) The interaction between IL-1B (rs| 143634) and FPQ demonstrated strong statistical evidence for predicting 5-day average loss of active shoulder flexion
associated with exercise-induced injury. (B) The interaction between IL-1f (rs1143634) and STAI demonstrated strong statistical evidence for predicting loss of peak flexion

associated with exercise-induced injury.

Abbreviations: Avg,, average; FPQ, Fear of Pain Questionnaire; ROM, range of motion; STAI, State-Trait Anxiety Inventory.
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Figure 2 (A) The interaction between IL-1B (rs1143634) and FPQ demonstrated strong statistical evidence for predicting loss of 5-day average abduction associated with
exercise-induced injury. (B) The interaction between IL-1 (rs|143634) and FPQ demonstrated strong statistical evidence for predicting loss of peak abduction associated

with exercise-induced injury.
Abbreviations: FPQ, Fear of Pain Questionnaire; ROM, range of motion.
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Figure 3 Interaction of genetic (IL-1p rs|143634) and psychological (PHQ) factors
for peak loss of internal rotation ROM.
Abbreviations: PHQ, Patient Health Questionnaire; ROM, range of motion.

Maximum voluntary isometric

contraction

Two separate genetic and psychological interactions provided
strong statistical evidence for predicting post-injury strength
loss. The interaction between OPRM1 (rs1799971) and FPQ
demonstrated strong statistical evidence for predicting 5-day
average MVIC impairment phenotype. The complete regres-
sion model was able to explain 62.0% of the total variance
(P<0.0001), while the gene and psychological interaction was

able to independently account for 2.2% of the overall vari-
ance (P=0.0066; Figure 4). The interaction between OPRM 1
(rs1799971) and FPQ also demonstrated strong statistical
evidence for predicting peak MVIC impairment phenotype.
The complete regression model was able to explain 50.4% of
the total variance (P<0.0001), while the gene and psychologi-
cal interaction was able to independently account for 2.9% of
the overall variance (P=0.0067; Figure 4). Figure 4 shows that
the strength of the interactions for the OPRM1 (rs1799971)
variant is primarily driven by the GG homozygotes. This
is a very small group (n=10; 5.3%) making the interaction
vulnerable to chance findings.

Three separate genetic and psychological interactions had
moderate to strong statistical evidence for predicting relative
post-injury strength loss. First, in the full regression model
for COMT (rs4818) and PCS, total variance explained was
an estimated 20.1% (P<0.0001), with the interaction term
independently accounting for 5.9% of the overall variance
(P=0.0048). Second, in the complete regression model, the
OPRMI (rs1799971) and FPQ total variance explained was
an estimated 18.6% (P<0.0001), with the interaction term
independently accounting for 4.4% of the overall variance
(P=0.0192). Third, in the full regression model for TNF/
LTA (rs2229094) and PCS, total variance explained was
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Figure 4 (A) The interaction between OPRM|I (rs1799971) and FPQ demonstrated strong statistical evidence for predicting 5-day average post-exercise MVIC impairment
phenotype. (B) The interaction between OPRMI (rs1799971) and FPQ also demonstrated strong statistical evidence for predicting peak post-exercise MVIC impairment

phenotype.

Abbreviations: Avg,, average; FPQ, Fear of Pain Questionnaire; MVIC, maximal voluntary isometric contraction; ROM, range of motion.

an estimated 16.3% (P=0.001), with the interaction term
independently accounting for 4.3% of the overall variance
(P=0.0171).

Discussion

Our primary objective was to investigate how selected
pain-related and pro-inflammatory genes interact with
pain-associated psychological factors to predict phenotypic
changes in shoulder impairment. This particular experimental
injury and pain model was selected because it allows us to
control and standardize the mechanism of injury (eccentric
overload of muscle coupled with fatigue), and it produces a
local inflammatory response with associated pain, disability,
and functional deficits.!®!7* This model also allows us to
track symptomatic response and physical impairment in a
more clinically relevant manner when compared with other
experimental pain models that are controllable but of shorter
duration (eg, thermal or pressure stimuli). Furthermore,
previous findings of increased pain and disability from this
validated preclinical exercise model have an established link
to a postoperative clinical pain model.?'*?

The genotype-by-psychological interactions investi-
gated the combined effect of both factors rather than the
predictive value of either factor separately. The results of
this study expand upon our previous findings that identified
interactions between psychological factors and gene SNPs
associated with pain and inflammation involved in height-
ened pain and disability.2*?! The present study adds to our
understanding of genotype-by-psychological interactions
by determining how they may predict commonly measured
shoulder impairments.

We hypothesized that pro-inflammatory genes will display
stronger relationships compared with pain-related genes
when combined with psychological factors for predicting
physical impairment outcomes. Our findings confirmed
this hypothesis by indicating that pro-inflammatory gene
variants contribute more to physical impairment, with two
pro-inflammatory gene SNPs (IL-1J [rs1143634] and TNF/
LTA [rs2229094]) interacting with psychological factors to
predict a total of six separate shoulder impairment pheno-
types (flexion and abduction: peak and 5-day average loss;
internal rotation: peak loss and relative strength loss). In
direct comparison, two pain-related gene SNPs (OPRM1
[rs1799971] and COMT [rs4818]) interacted with psycho-
logical factors to predict four separate shoulder impairment
phenotypes (abduction: 5-day average loss; strength loss:
5-day average, peak, and relative loss). Pro-inflammatory
gene polymorphisms have been implicated in extending the
length of the acute inflammatory response.*® Elevated levels
of pro-inflammatory cytokines both locally at the site of
injury and in the bloodstream could extend the peripheral
sensitization of nociceptors as well as centrally in the spinal
cord, thus leading to prolonged decrements in strength and
joint mobility.

The IL-1P (rs1143634) SNP was the most consistent gene
variant that interacted with several psychological factors
for predicting functional phenotypic changes with induced
injury. IL-1P (rs1143634) interacted most with fear of pain
in predicting three impairment phenotypes related to loss of
shoulder ROM (flexion: 5-day average loss; abduction: 5-day
average and peak loss), and it also interacted with anxiety for
predicting loss of peak shoulder flexion as well as depressive
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symptoms for predicting loss of peak internal rotation. All
IL-1 (rs1143634) SNP-by-psychological factor interactions
provided strong statistical evidence for predicting functional
phenotypic changes, indicating that this gene variant may be
a significant contributor to shoulder impairment following
musculoskeletal injury.

IL-1P (rs1143634) had a significant impact on predicting
ROM deficits post injury, interacting with several psycho-
logical factors (eg, fear of pain, anxiety, and negative mood)
consistently across the different planes of motion, both active
and passive. This is an encouraging finding because IL-1f is
a cytokine protein produced by many cell types, including
activated macrophages, following musculoskeletal injury.>*
IL-1 acts locally as an important mediator of acute inflam-
mation and is a known contributor to inflammatory pain
hypersensitivity through induction of the cyclo-oxygenase-2
(Cox-2) cascade.*® IL-1P has also been found to induce
hyperalgesia directly by lowering nociceptive membrane
thresholds for activation or indirectly through upregulation
of other pro-nociceptive mediators such as prostaglandin
E,, substance P, bradykinin, nerve growth factor (NGF),
and calcitonin gene-related peptide (CGRP).>*3¢ IL-1
polymorphisms have been implicated in the amplification
of acute inflammation following resistance exercise. Dennis
et al*’” found that IL-1 polymorphisms (both haplotypes and
individual SNPs) influenced the inflammatory response in
skeletal muscle after a single bout of strenuous resistance
exercise in young adult men. Individuals with the IL-13
genotype (+3,954 also known as rs1143634) were found to
have an increased expression of inflammatory cytokines per
macrophage compared with individuals who did not have
the genotype. IL-1 region polymorphisms have also been
linked to common chronic pain conditions such as knee™
and hand osteoarthritis.*®

More recently, IL-1P has been examined as a candidate
for susceptibility to depressive disorders.** Peripheral IL-1[3
communicates with the brain via neural and humoral path-
ways to induce brain expression of IL- 13, which elicits mood
changes,* making it a potential candidate for interaction with
pain-associated psychological factors for influencing pain
perception and physical impairment phenotypes. Interest-
ingly, our regression models indicated that IL-1[ (rs1143634)
interacted significantly with PHQ (depressive symptoms)
and STAI (anxiety) to predict peak deficits in active shoulder
flexion and passive internal rotation post injury. This is an
indication that those with the variation in IL-1 will have
worse deficits when linked with depressive symptoms and
anxiety. IL-1[ appears to be a good candidate for increased
study due to its versatility as a modifier of biological (inflam-

mation and pain) as well as psychological processes (mood
changes and depressive symptoms).

IL-1p is an important mediator of acute inflammation and
contributes to inflammatory pain hypersensitivity. Elevated
IL-1[ gene expression in and around injured tissue could act
as a source of heightened inflammatory pain and could lead
to impaired limb movement and function. The combination
of heightened inflammatory pain and risk of fear-avoidance
behavior could be a robust predictor of physical impairment.
Continued research on IL-1 polymorphisms is necessary to
confer the risk of heightened pain and physical impairments
following musculoskeletal injury.

Post-injury strength loss was another functional phe-
notype that was predicted by three gene SNPs: two were
pain-related (COMT rs4818 and OPRM1 rs1799971) and
one was pro-inflammatory (TNF/LTA rs2229094). Pain cata-
strophizing and fear of pain were two psychological factors
that interacted significantly with the gene SNPs to predict
relative post-injury strength loss. The ability of a muscle to
generate force can be negatively influenced by a number of
factors, including heightened pain sensitivity, increased tis-
sue inflammation, and maladaptive pain-coping strategies.
Lingering symptoms from the induced injury in combination
with heightened pain sensitivity and higher pain catastroph-
izing and fear of pain (indicative of maladaptive pain coping)
could have likely contributed to deficits in force production
and the delayed recovery of strength. Previous studies were
able to show that interactions between COMT genotypes
and pain catastrophizing were strong predictors of shoulder
pain and disability more than either factor alone.'*?° In a
preclinical cohort, we identified a subgroup composed of
patients with a COMT genotype associated with low enzyme
activity plus elevated pain catastrophizing that was at higher
risk for increased pain intensity and delayed recovery from
the induced shoulder injury. In a separate clinical pain cohort,
the high-risk subgroup was validated by demonstrating that
the subgroup from the clinical pain cohort experienced sig-
nificantly poorer 12-month postsurgical outcomes.*> These
findings provide further evidence that the COMT genotype
coupled with elevated pain catastrophizing is a robust predic-
tor, and these additional findings provide new insights into
how this interaction predicts pain and prolonged physical
impairment following shoulder injury.

Overall, fear of pain was the most consistent psycho-
logical factor interacting with six SNPs totally (three pro-
inflammatory and three pain-related genes), followed by
pain catastrophizing (two SNPs), anxiety (one SNP), and
depressive symptoms (one SNP) in predicting deficits in six
separate functional phenotypes post injury (5-day average
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loss of shoulder flexion and abduction; peak loss of abduc-
tion; and 5-day average, peak, and relative loss of shoulder
strength post injury). Our data suggest that therapeutic
approaches that focus solely on the inflammatory response
may fail to meet the standards of full recovery if you ignore
the potential for psychological factors to amplify the effects
of musculoskeletal injury and inflammatory pain.

The results of this study along with our other studies!®?!
have identified multiple genetic and psychological factors
that when considered simultaneously are predictive of
symptomatic responses that may be relevant for the transi-
tion from acute to chronic pain states. These analyses add
to the existing literature in this area by demonstrating how
genetic and psychological factors (in combination) also may
predict prolonged physical impairment that could also play
an important role in the development of impaired movement
that co-occurs with chronic pain states. This is an important
issue for clinical practice, because there is considerable
debate about application of biopsychosocial approaches to
understanding pain, but very few studies incorporate biologi-
cal and psychological combinations as we have.

Future research in clinical populations should consider
the combination of genetic and psychological factors when
predicting physical impairment outcomes. Broadening this
approach during the screening of clinical populations is impor-
tant to determine the ecological validity of these predictors
for physical impairment phenotypes and to identify potential
treatment targets that could be used to develop tailored thera-
peutic intervention strategies that would improve physical
impairment before the development of a chronic condition. In
addition, future research should attempt to replicate our find-
ings in other anatomical regions that commonly experience
musculoskeletal injuries (eg, back, neck, and knee).

Conclusion

Pro-inflammatory gene variants contributed more to physi-
cal impairment with 2 SNPs [IL-10 (rs1143634) and TNF/
LTA (rs2229094)] interacting with psychological factors to
predict 6 shoulder-impairment phenotypes. In comparison,
2 pain-related gene SNPs [OPRM1 (rs1799971) and COMT
(rs4818)] interacted with psychological factors to predict 4
shoulder-impairment phenotypes (abduction: 5-day average
loss; strength loss: 5-day average, peak, and relative).
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