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Systemic inflammation mediating
the relationship between lifestyle
factors and musculoskeletal pain:
a systematic review

David Josefsson, Louise Danielsson and Max Jakobsson®

Department of Health and Rehabilitation, Institute of Neuroscience and Physiology, Sahlgrenska
Academy, University of Gothenburg, Gothenburg, Sweden

Background: A range of studies have shown that psychological and lifestyle
factors are associated with musculoskeletal pain. The factors also correlate
with persistent systemic inflammation. Since systemic inflammation is also
present in numerous conditions involving musculoskeletal pain, it is of interest
to examine whether systemic inflammation mediates the relationship between
psychological and lifestyle factors and musculoskeletal pain.

Methods: A systematic review was conducted according to the PRISMA
guidelines. The PubMed, Scopus and PsycINFO databases were searched for
studies examining systemic inflammation as a mediating factor between
psychological and/or lifestyle factors and musculoskeletal pain. Studies were
grouped into three themes of influencing factors; sleep disturbances, obesity
and psychological factors. A risk of bias assessment tool for mediation studies
was used to assess methodological quality. A narrative synthesis of outcomes
was performed.

Results: Twenty-one articles were included in the review. Evidence derived
primarily from moderate-quality studies suggested small but significant
mediating effects of systemic inflammation on the relationship between sleep
disturbance and musculoskeletal pain, as well as between obesity and
osteoarthritis. In contrast, no consistent mediating effects were observed for
psychological factors. However, findings from studies of low to moderate
quality indicated potential interaction effects, suggesting that psychological
factors may lead to pain in the presence of systemic inflammation.
Conclusion: Systemic inflammation may represent a biological pathway linking
sleep disturbances and obesity to musculoskeletal pain, likely operating
alongside other mediating factors. For psychological factors, systemic
inflammation appears to act as an interacting variable rather than a direct
mediator of pain. Given the reliance on cross-sectional data in current
research, longitudinal studies are essential to confirm these causal
mechanisms and to evaluate the clinical significance of targeting systemic
inflammation in pain management.
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Background

Musculoskeletal pain represents a significant burden on society
and widespread suffering for the individual. Musculoskeletal
conditions are the leading cause of disability worldwide, and the
number of affected individuals is rapidly increasing (1).

The importance of psychological and lifestyle factors in the
development of musculoskeletal pain is well established (2-5).
These are states, conditions, and behaviours linked to general
health, such as overweight/obesity, smoking, physical inactivity,
sleep disturbances, socioeconomic status, psychological stress,
anxiety and depression (2-8). They may also encompass more
subjective psychological factors such as traumatic experiences,
adverse childhood experiences (ACEs), and lack of social support (9).

It seems that the same psychological and lifestyle factors that
are linked to general health are also linked to musculoskeletal
Considering  this, the
musculoskeletal disorders might reflect generally declining
health in Western countries (10, 11).

There is a complex interaction between lifestyle and pain and

pain. increasing prevalence of

it is unclear whether a unifying link across conditions exists (12).
“Systemic inflammation” or “chronic low-grade inflammation”
has been linked to both psychological and lifestyle factors, as
well as musculoskeletal pain (13-15).

In contrast to classical or “overt” inflammation as a response
to tissue injury or infection, the phenomenon of systemic
inflammation is characterised by a significantly more moderate
and less focused response (16, 17). It is primarily measured as
increased serum levels of acute-phase proteins, such as
C-reactive protein (CRP) and proinflammatory cytokines such
as some of the interleukins (IL-1f, IL-6) and tumour necrosis
factor alpha (TNFa). This state of systemic inflammation resides
somewhere in between the classical signs of pathology and those
of optimal health. Inflammatory markers are significantly
elevated, while not being on par with the expected levels during
infectious disease or major traumatic injury (16, 18). Although
being increasingly mentioned in the literature, there is still a
lack of consensus regarding the proper definition, or meaning of
systemic inflammation (13, 16, 18). It has, however, been linked
to a plethora of conditions associated with poor health and with
chronic pain (15, 18). The same psychological and lifestyle
factors that correlate with musculoskeletal pain have also been
reported to correlate with systemic inflammation (13, 14, 19-22).

Abbreviations

ACEs, Adverse childhood ACR, American College of
Rheumatology; BDI, Beck Depression Inventory; BMI, Body mass index;
CNS, Central nervous system; CRP, C-reactive protein; CRPS, Chronic
regional pain syndrome; FIQR, Revised Fibromyalgia Impact Questionnaire;
GlycA, Acute phase glycoprotein; hsCRP, High sensitivity c-reactive protein;
IL-1B, Interleukin 1 beta; IL-6, Interleukin 6; LPS, Lipopolysacharides; LTPA,
Leisure time physical activity; MBSR, mindfulness-based stress reduction;
MM, Masticatory muscles; MPQ, Miscellaneous Pain Questionnaire; SF-36,
36-item Short-Form Health Survey; NRS, Numeric Rating Scale; OA,
Osteoarthritis; PGE2, Prostaglandin E2; SKOS, Symptomatic Knee
Osteoarthritis; TFM, Total fat mass; TM, Temporomandibular; TMD,
Temporomandibular joint disorders; TM]J, Temporomandibular joint; TNFa,
Tumour necrosis factor alpha; TPI, Total Pain Index; TTH, Tension-type
headache; VAS, Visual Analogue Scale; WOMAC, Western Ontario and
McMaster Universities Arthritis Index.

experiences;
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Questions remain about cause-and-effect relationships in this
field. It is possible that the vast number of psychological and
lifestyle factors associated with musculoskeletal pain might have a
causative role through the induction of an inflammatory state.
The observed bidirectional correlations suggest this; not only do
systemic inflammation and musculoskeletal pain correlate with
the same psychological and lifestyle factors (3-5, 7, 8, 13) but
systemic inflammation also correlates with musculoskeletal pain
conditions (15). Elevated CRP and/or increased serum levels of
proinflammatory cytokines have been observed in various somatic
pain conditions, not normally considered “inflammatory” (15).
Examples are back and neck pain (23, 24), headaches (25),
fibromyalgia (26), temporomandibular joint disorders (TMD)
(27), peripheral neuropathies (28), chronic regional pain
syndrome (CRPS) (29), and others (15). It is a reasonable
hypothesis that these are not mere correlations, but that certain
lifestyle and psychological factors stimulate inflammatory activity,
which in turn influences nociceptive pathways.

Moreover, evidence supporting the physiological basis of this
hypothesis is steadily accumulating. Circulating proinflammatory
cytokines have the potential to create pain in several distinct
ways. They may act directly on nociceptive neurons through their
respective receptors or indirectly through the induction of
prostaglandin synthesis (30, 31). They mediate muscle and joint
hyperalgesia by sensitising nociceptors in peripheral nerve
terminals (32-34). Additionally, they have been found to
contribute to central sensitisation through direct receptor-
mediated effects on afferent nociceptive pathways in spinal dorsal
horn and dorsal root ganglia, but also act indirectly through glial
(CNS) (34-37).
Experimentally induced systemic inflammation via the injection
of lipopolysaccharides (LPS), a well-established model for
studying inflammatory properties, decreases pain thresholds in

activation in the central nervous system

somatic structures across multiple modalities in humans (38-40).
Recent hypotheses propose effects of systemic inflammation on
both pain and local tissue quality and a reciprocal relationship
between local and systemic inflammation (41).

Present clinical guidelines for chronic pain involve a
biopsychosocial approach (12). Thus, focus has shifted from
treating local pain sites to emphasizing the whole person in their
lived context. In line with this, further investigations of systemic
inflammation and lifestyle in relation to pain might provide
important details to better understand the complexity of pain.
Moreover, it is important to identify factors that cause the
transition of acute to chronic pain (12). Elucidating how risk
factors for chronification (such as lifestyle) influence pain
perception, potentially via neuroimmune pathways, would advance
knowledge in the field. If a unifying mechanistic link tying lifestyle
and general health to musculoskeletal pain can be demonstrated in
research, it is likely to influence clinical practice as well. It could to
a greater extent motivate intervention strategies and public health
investments targeting lifestyle factors. It could also provide a
helpful narrative for better patient communication.

There are few direct studies on the relationship between
influencing factors, pain conditions, and systemic inflammation.
Attempts have been made to study individual links between
these three variables, such as whether systemic inflammation
mediates the effect of sleep disturbances on temporomandibular
joint pain (42). To the author’s knowledge there is currently no
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systematic summary of studies analysing inflammatory activity as
the mediating factor between influencing factors and

pain conditions.

Aim

The aim of this study was to evaluate the support for systemic
inflammation as a mediating factor between psychological and
lifestyle factors and musculoskeletal pain.

Methods

The study was conducted as a systematic literature review
according to the PRISMA guidelines (43), with a narrative
synthesis applied due to the expected heterogeneity of the study
designs and outcomes.

Search strategy

Published articles on the topic of systemic inflammation as a
mediating factor between psychological and/or lifestyle factors
and somatic pain were identified by database searches.

Inclusion criteria

o Studies concurrently examining all three of the variables

musculoskeletal ~ pain, systemic inflammation, and
influential (psychological or lifestyle) factors

o Studies with the relevant terms in the title, abstract
or keywords

« Studies
information that allowed assessment of mediating effects

« Studies

inflammatory markers

explicitly testing mediation or providing

measuring serum or urinary levels of
o Studies measuring either pain directly or through the

occurrence of painful conditions

Exclusion criteria

o Animal studies

o Studies on children

o Studies
musculoskeletal pathologies

involving autoimmune diseases or non-
« Studies involving traumatic injuries
« Studies including surgical interventions

o Secondary research (reviews, meta-analyses and editorials)

Information sources
The databases PubMed, Scopus and PsycINFO were searched

for relevant articles. Searches were made in PubMed (October 29),
Scopus (November 21) and PsycINFO (December 2) 2024.
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Searches included four search blocks with multiple terms for
each of the categories “influential factors” (psychological and
lifestyle), “systemic inflammation” and “somatic pain” and one
for terms concerning mediation. A fifth block excluded
irrelevant medical areas/conditions and other review articles. For
a full review of the search strategy, see Supplementary Files S1.

The searches were limited to peer-reviewed articles published
between 2004 and 2024, written in English,
human subjects.

involving

Study selection

Based on title and abstract, all eligible studies were extracted
from each database. After removed, the
remaining studies were screened for inclusion. During the

duplicates were

screening process, three groups of influential factors were in a
clear majority, while other factors were only sporadically
studied. Therefore, we decided to exclude studies investigating
other factors than the three main themes (sleep, obesity and
psychological factors) for increased homogeneity in the analysis.
In total, 6 studies were excluded in this way (44-49), before
further considering their eligibility in relation to study design
etc. These included single studies examining each and every one
of the factors; socioeconomic status, aging, type 2 diabetes, drug
abuse, static posture exposure and demographic factors
including education level and smoking.

For the last phase of the screening process, articles were read
in full-text. Most of the studies excluded in this phase specifically
lacked data on mediation effects. Screening and study selection
were performed by the first author (DJ). Any uncertainties
regarding study eligibility were resolved through consensus

discussions with the other two authors (LD, MJ).

Data extraction

Data extraction was performed by a single reviewer (DJ). The
extracted data included study characteristics (e.g., author, year,
country, study design), participant demographics, types of
psychological and lifestyle factors, specific systemic inflammatory
biomarkers, and pain outcomes. To ensure accuracy and
consistency, any ambiguities or uncertainties encountered
during the extraction process were resolved through discussion

and consensus with the other authors.

Study risk of bias assessment

The analysis was divided into two parts. First, a review of the
methodological quality of each included study; and second, a
synthesis of their respective outcomes. For this work, a tool for
reviewing mediation studies developed by Mansell et al. (50)
was used in a specific version adapted for observational studies
by Lee et al. (51). This tool was selected to evaluate important
conditions for mediation. The assessment includes seven items:
[1] use of a theoretical framework; [2] psychometric properties
of mediator and outcome variables; [3] statistical power to
detect indirect effects; [4] use of appropriate statistical methods
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for mediation (e.g., SEM or bootstrapping); [5] whether changes in
the mediator preceded the outcome; [6] whether changes in the
predictor preceded the mediator; and
The

[7] adjustment for

potential confounders. tool can be accessed in
Supplementary Files S2.

Each item was scored binarily (yes/no), resulting in a total
quality score of 0-7. Studies were categorized as low (0-3),
moderate (4-5), or high quality (6-7). Following the
recommendations of Fritz and MacKinnon (45), studies with
sample sizes sufficiently large to acquire adequate power for
mediation were also credited for item 3. To provide a nuanced
evaluation beyond the numerical score, qualitative commentaries
were added regarding specific strengths or weaknesses, such as
the breadth of confounder adjustment or sample characteristics.

To test the assessment tool for heterogeneity in application, all
the authors independently read and assessed three of the articles.
The results were then compared and discussed in relation to
possible ways of interpreting the items of the assessment tool.
After this calibration stage, the first author performed the

quality assessments of the remaining articles (52).

Data synthesis

The included studies were divided into three groups reflecting

the influential factors studied, being sleep, obesity and
psychological factors as described above (see Tables 1-3).
Because of the heterogeneity in study designs and outcome
measures, a meta-analysis was not considered feasible.
Therefore, a narrative synthesis of the studies was conducted,
including the relative weight of different study designs,
population sizes and the results from the quality review.
Similarities and discrepancies across studies and their respective
outcomes were compared, evaluated and described. This process
included additional groupings where possible, so as to compare
similar conditions (e.g., osteoarthritis vs. back pain) and
(e.g, CRP vs. IL-6) and the

complementary value of cross-sectional vs. longitudinal study

markers of inflammation
designs for examining the same variables.

Where mediation effects were found, the magnitude (ie.,
percentage of correlation due to the mediating variable) was
considered along with statistical significance.

Results

The initial search strategy provided a total of 1,920 studies.
The searches in PubMed, Scopus and PsycINFO provided 1,102,
1,559, and 81 studies, respectively. After 822 duplicates had been
removed, 1,098 unique studies were screened for potential
inclusion in the review.

Following the stepwise screening and selection process, 1,077
studies were excluded, see Figure 1 for details. After the full
screening and selection process, a total of 21 articles were
included in the review (for quality assessment and synthesis of
results) (53-73).

Of the included studies, six examined sleep (53-58), nine
examined obesity (59-67) and six examined psychological
factors (68-73) (Tables 1-3).
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Of the 21 studies, 12 had a cross-sectional design, seven were
longitudinal/intervention studies and two used a combination of
cross-sectional and longitudinal data. Most study samples
consisted of middle-aged or elderly participants, and there were
more women than men (~64% females). Musculoskeletal pain
was measured in various ways, including self-reported ratings of
intensity, pain thresholds and/or the presence of specific
conditions such as osteoarthritis (OA) or back pain. The most
measured inflammatory markers were CRP/hsCRP (n=16) and
IL-6 (n=8).

Quality assessment

In the quality assessment two of the 21 studies had low quality,
15 had moderate quality, and four had high quality (Tables 4-6).
Seven studies had longitudinal designs, whereas the other 14 were
cross-sectional and, as such, could not establish temporality
between exposure, mediator and outcome. Most studies received
lower quality scores because their cross-sectional design did not
satisfy the temporality criteria included in two items of the
quality assessment tool. The majority of studies failed to report
a power calculation, but most of them (n =14) had large enough
sample sizes to ensure adequate power (55-57, 59, 60, 62-67,
69-71). For a detailed report of the quality scores, see
Supplementary Files S3.

Results of syntheses
Sleep as the predictor variable

Three studies in this group used adequate statistical methods
to detect mediation effects (55-57). Two of those were cross-
sectional studies (55, 57) of moderate quality, with large
samples. Both of these studies found that reduced sleep quality
was associated with more frequent pain, partly mediated by
elevated CRP levels, but through different exposures. Hodges
et al. (55) used a sleep score comprised of several items, while
Matre et al. (57) substituted shift-work for sleep quality. The
mediation effects were in both instances small, but significant,
and in the study by Matre et al. (57), there was a stronger
association at higher levels of CRP, indicating a dose-response
relationship. The third study by Irwin et al. (56) was an
intervention study of high quality on healthy, pain-free subjects.
This study demonstrated reduced pain thresholds in response to
sleep disruption, partly (19%) mediated by elevated levels of IL6
and TNFa. Although causality is claimed in all three of these
studies, neither the study by Hodges et al. (55) nor Matre et al.
(57) can establish temporality or direction of correlation, due to
their cross-sectional designs.

The remaining three studies showed indirect indications of
mediation effects, but without the proper statistical analyses.
One was a cross-sectional study by Saravaanan et al. (58) on low
back pain patients that demonstrated more severe pain with
greater sleep disturbance (by Pittsburgh Sleep Quality Index),
IL-6 levels, due to

possibly mediated by elevated

proportional increases.
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TABLE 1 Studies on the relationship between sleep, musculuskeletal pain and systemic inflammation (N = 6).

Country Population

Influencing factor

Infl.
markers

Pain variable

Haack et al. Israel 24 healthy Sleep deprivation Pain intensity PGE2 Sleep deprivation correlates
(53) subjects temporally with elevated
Intervention Age 21-55 PGE2-production and proportionally
29% females 88 h wakefulness vs. 8 h VAS ratings of with pain
sleep/night spontaneous pain
including: headache,
back-, muscle-, joint-,
stomach- and generalized
body pain
Haack et al. Israel 18 healthy Sleep deprivation Pain intensity IL-6, CRP, Sleep loss correlates temporally with
(54) subjects sTNF-R p55, increased IL-6 levels and and
Intervention Age 21-40 4h vs. 8 h sleep/night PGE2 proportionally with pain
33% females Ratings of “bodily
discomfort” including:
headache, back-, muscle-,
joint-, stomach- and
generalized body pain
Hodges et al. UK 17,642 cMSK- “Sleep score” MSK-pain CRP CRP may partially mediate the
(55) pain association between MSK-pain and
11,962 acute Duration, insomnia, Acute MSK-pain vs. sleep score
MSK-pain chronotype, snoring, Chronic MSK-pain vs.
Cross-sectional 29,604 controls daytime sleepiness Painfree controls
Mean age 55.7
47% females
Irwin et al. (56) | US 95 healthy adults |  Sleep-disruption Heat -pain tresholds IL-6, TNFa Sleep disturbance is associated with
Cross-over Mean age 27.8 Forced (hPTH) decreased hPTH mediated by
RCT 549% females awakenings + Measures with elevated IL-6 and TNFa levels
polysomnography
Matre et al. Norway 23,223 Workers Sleep disturbance Chronic MSK-pain CRP Shift-work is associated with cMSK
(57) present/absent pain and number of pain sites, partly
Cross-sectional Age 18-70 Shift-work yes/no mediated by elevated CRP-levels
56% females
Saravaanan Us 67 CLBP Sleep disturbance Pain severity in Chronic | IL-6 Sleep disturbance is associated with
et al. (58) patients Pittsburgh Sleep Quality low back pain (cLBP) lack of social support, IL-6 and pain.
Cross-sectional Index (PSQI) Sleep disturbance correlates with
Median age 59 Social support Brief pain inventory proportional increases in pain and
IL-6 levels. Sleep disturbance
73% females Social provisionist scale (BPD)
mediates the effect of social support
(SPS) .
on pain.

The other two were intervention studies involving healthy,
previously pain-free subjects, both by Haack et al. (53, 54), with
similar designs and strictly controlled variables. Participants were
monitored at a research centre, reducing the risk of confounders.
The intervention groups were deprived of sleep either completely
(53) or by 50% (54) compared to the control group. Both studies
demonstrated a significant dose-response relationship, where
inflammatory markers and pain intensity co-varied synchronously
with accumulated sleep loss. Specifically, in the group

Frontiers in Pain Research

experiencing complete sleep deprivation, levels of prostaglandin
E2 (PGE2) metabolites and spontaneous pain
proportionally and gradually with accumulated sleep deprivation.
In the group experiencing 50% sleep deprivation, IL-6 levels and
pain increased over time and proportionally to each other,

increased

indicating a possible mediation effect. All six studies on sleep
found a relationship between altered sleep (quality, time,
disruption) and musculoskeletal pain, where n=3 (55-57)
demonstrated a partially mediating effect from markers of
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TABLE 2 Studies on the relationship between obesity, musculoskeletal pain and systemic inflammation (N =9).

Infl.
markers

Pain variable

Country Population

Influencing
factor

Dai et al. (59) Us Sample 1: 2,876 | BMI Symptomatic knee OA (SKOS) hsCRP Less dietary fiber is associated
(861 knees) Knee pain last 30 days yes/no with higher incidence of knee OA
Mean age 61 combined with radiological OA mediated through CRP via
Longitudinal 55% females increased BMI
Sample 2: 971 Dietary fiber intake
(143 knees)
Mean age 54
54% females
Eslami et al. Us 667 elderly BMI Pain intensity and pain interference | hsCRP Obesity was associated with
(60) increased pain, partly mediated by
Cross-sectional Mean age 79 Bodily pain subscale from 36 item increased hsCRP-levels in women
61% females short form health survey but not in men(!)
(SE-36)
Fowler-Brown | US 653 elderly BMI Knee OA Leptin ~half of the increased risk of OA
et al. (61) from elevated BMI was mediated
Cross-sectional Mean age 78 Presence/Absence by increased leptin levels
63% females Physcial examination using the
American College of Rheumatology
(ACR) clinical criteria
Gloersen et al. | Norway 281 Hand OA BMI Pain intensity in hand-OA patients | hs-CRP, Increased BMI were associated
(62) patients Pain ratings (NRS) for hand-/ Leptin with more pain (all kinds) and
Cross-sectional Age 40-70 foot-/knee- and hip pain. Painful partially mediated by hs-CRP
Median 61 total body joint count, pain (painful total body joint count)
89% females pressure thresholds (PPT) and leptin (hands only)
Huebner etal. | US 169 obese OA Weight/ Weightloss Pain and disaility (OA patients) hsCRP, IL-1, Weight loss resulted in JIL-6 and
(63) patients 1L-6, IL-8, leptin levels, which in turn was
Intervention Mean age 59 Western Ontario and McMaster TNFa associated with | WOMAC pain
89% females Universities Arthritis Index
(WOMAC)
Luo et al. (64) China 6,497 subjects BMI Knee pain CRP BMI was associated with elevated
W Mean age 44 Miscellaneous Pain Questionnaire CRP and knee pain. Obesity
48% females (MPQ) mediates the association between
BMI and CRP
Perera et al. UK Sample 1: 826 Weight, BMI, Total Back pain CRP, IL-6, Increased weight, BMI and TFM
(65) Mean age: 60.6 fat mass (TFM) TNFa was directly associated with
Cross-sectional Sample 2: 645 Presence/Absence of episode in the increased risk of back pain, not
and Mean age: 672 last year mediated by any measures of
. inflammatory markers
prospective 100% females
Ray et al. (66) Us 407 elderly BMI Pain frequency and intensity hsCRP Central obesity is independently
Cross-sectional Mean age 80 Total Pain Index (TPI) associated with pain, not explained
62% females by hsCRP or insulin resistance
Yan et al. (67) China 23,308 subjects BMI, Abdominal OA HDLP, CRP Obesity was associated with
Cross-sectional 2,180 OA- obesity (Waist Prescence of OA diagnosed by a increased risk of OA partly
patients circumference) professional mediated by HDLP and CRP
60% >60 years
old)
63% females
Frontiers in Pain Research 06 frontiersin.org
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systemic inflammation (CRP, IL-6, TNFa) while the others (53, 54,
58) merely indicated such an effect. Two studies (53, 54) were
strongly indicative, due to the controlled environment, temporal
and proportional relationships between predictor, mediator, and
outcome variables. There were no studies demonstrating a lack of
correlation or the absence of a mediation effect. As the observed
indirect effects were consistently small, the findings suggest that
systemic inflammation likely operates alongside direct pathways
or additional mediating variables.

In summary, the result of this systematic review suggests that
systemic inflammation might be mediating a part of the
relationship between altered sleep and musculoskeletal pain.

Obesity as the predictor variable

The studied
musculoskeletal pain proved to be osteoarthritis (OA). Among

most relationship between obesity and
the nine studies selected for this review, five investigated OA
specifically, and among these were three studies on knee OA
(59, 61, 63), one on hand OA (62) and one on OA in general
(67). Two of the studies on knee OA (59, 63) were of high
quality and had a study design allowing conclusions to be drawn
about temporality (longitudinal/intervention). Dai et al. (59)
found an increased incidence of knee OA with higher body
mass index (BMI) that was partially mediated by elevated CRP
levels, with no association in the opposite direction (elevated
CRP in response to OA). The other high-quality study on knee
OA by Huebner et al. (63) was an intervention study that
demonstrated reduced pain (WOMAC score), along with
reduced leptin and IL-6 levels in response to weight loss.
Unfortunately, this study did not measure a mediating effect of
IL-6 (or leptin) on pain reduction after weight loss; however, all
effects on leptin and most of the effects on IL-6 after
intervention were mediated by changes in BML

The remaining studies on OA were cross-sectional and of
moderate quality, with Yan et al. (67) demonstrating an
increased risk of OA with increased BMI mediated in part by
increased CRP levels. This study also demonstrated a significant
serial mediation of dyslipidaemia, elevated CRP, and OA.
Gloersen et al. (62) made use of several different pain
measurements and markers of inflammation, where BMI was
associated with all; however, only the outcome “total painful
body joint count” was mediated by systemic inflammation and
only in the form of high-sensitivity CRP (hsCRP). Moreover, a
trend was seen for a mediating effect on “widespread pain”;
however, this did not reach the level of significance. The last
study on OA by Fowler-Brown et al. (61) differed from the rest
in the sense that it was an elderly study population (>70 years)
and the only marker of inflammation was the adipokine leptin.
The results showed a correlation between BMI and knee OA
and a proportional correlation with leptin levels. Leptin
mediated ~49% of the association between BMI and knee OA.

All five studies on obesity and OA are suggestive of a
mediating effect from systemic inflammation, with the strongest
evidence for knee OA; however only two (59, 63) provide direct
evidence of causality due to their longitudinal designs.

The remaining studies on obesity had a cross-sectional
design and were mainly of moderate quality. However one of
these, by Perera et al. (65), was of high quality and combined
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a cross-sectional and longitudinal design examining the
incidence of back pain. In this study, BMI and total fat mass
(TFM) were associated with experiencing a back pain episode
lasting more than two weeks, but no mediation effects were
detected from either hsCRP or any of the inflammatory
cytokines IL-6 or TNFa.

Two of the studies examined nonspecific or non-regional
specific pain (60, 66). The study by Eslami et al. (60) found that
BMI correlated with pain intensity and pain interference (SF-36
bodily pain subscale score), partly mediated by hsCRP, among
elderly women. In contrast, Ray et al. (66) found that BMI and
especially abdominal obesity were associated with chronic pain
(TPI scores) in the elderly, but this association was not
mediated by hsCRP.

Lastly, Luo et al. (64) demonstrated an association of BMI
and CRP with knee pain (MPQ score). This study did not test
for CRP as the mediator, but instead demonstrated that BMI
mediates the association of CRP with knee pain. The opposite
direction of causation is equally plausible (CRP mediating the
effect of BMI on knee pain) and temporality cannot
be established.

Taken together, the results regarding obesity as an influencing
factor can be divided into slightly different indications for
different types of pain and different populations. The strongest
evidence for an association between BMI and pain is seen with
OA, and especially knee OA. The findings of this review suggest
that systemic inflammation mediates part, but not all, of this
association. The mediating role of the adipokine leptin might be
stronger than CRP in this association.

According to the single study in this review examining the
association between obesity and back pain, systemic
inflammation did not mediate the effect (65). For other types of
pain, the findings were mixed: there were strong associations
with obesity, but these were not consistently mediated by
systemic inflammation, and none of them were able to measure
causality due to their cross-sectional designs.

Psychological factors as the predictor variable

Six studies on psychological factors were included in this
review. Studies in this group were generally of lower quality,
and the findings were inconsistent with those on sleep and
obesity. All included studies on psychological factors found
associations with musculoskeletal pain, but none were able to
demonstrate a mediating effect from systemic inflammation.
One study indicating such a mechanism was by Andres-
Rodriguez et al. (68), although it received a low quality rating.
In this study, intervention with mindfulness-based stress
reduction (MBSR) reduced fibromyalgia pain (FIQR score)
while simultaneously preventing a drop in serum levels of the

anti-inflammatory cytokine IL-10. Baseline inflammatory
cytokine levels and the inflammatory/anti-inflammatory
composite ratio predicted the treatment response. This

suggests that MBSR might exert an effect on pain for this
patient group by means of altering inflammatory pathways.
Belitardo de Oliveira et al. (70) similarly found that leisure-
(LTPA) mediated the
between job stress (DCSQ score) and tension-type headache

time physical activity relationship

(TTH) through reductions in acute-phase glycoprotein (GlycA)

frontiersin.org


https://doi.org/10.3389/fpain.2026.1755744

Josefsson et al.

10.3389/fpain.2026.1755744

TABLE 3 Studies on the relationship between psychological factors, musculoskeletal pain and systemic inflammation (N = 6).

Country Population Influencing factor Pain variable Infl.
markers
Andres- Spain 70 fibromyalgia Mindfullness-based stress Clinical severity of Ratio of IL-6, MBSR reduced severity of FM while
Rodriguez et al. patients reduction (MBSR) fibromyalgia CXCLS8, hs- simultaneously changing ratio of
(68) CRP and IL-10 | pro- and antiinflammatory markers
Intervention Mean age 53 Revised fibromyalgia (CXCLB/IL-10). Reduced FM-
(RCT) 100% females impact questionnaire symptoms was associated with
(FIQR) sustained IL-10 levels compared to
controls
Banafa et al. Finland 8,028 adults Depressive symptoms Temporomandibular pain hs-CRP More depression (BDI-scores) and
(69) [Beck Depression elevated CRP correlated with more
Cross-sectional All ages Inventory (BDI)] Presence/Absence TMJ and pain. No mediation effect by hsCRP
and 55% females masticatory muscles (MM)
longitudinal pain on palpation
Belitardo de Brazil 7,644 adults Psychosocial job stress Migraine and Tension-type | Hs-CRP, Jobb-stress was associated with
Oliveira et al. [Swedish demand control- | headache (TTH) GlycA migraine, not mediated by hsCRP
(70) support questionnaire or GlycA. Jobb-stress was associated
Cross-sectional Mean age 49 (DCSQ)] with TTH and a protective effect
54% females Headache questionnaire was seen from physical activity
partly mediated by decreased GlycA
levels
Dalachek et al. | UK 24,164 adults Anxiety and adverse Chronic pain CRP Frequency of childhood abuse
(71) childhood events (ACE) significantly interacted with CRP to
Cross-sectional Age 40-69 (Online questionnaire) predict pain. CRP predicts pain
61% females Self-reported pain >3 during anxiety but not without.
months rated for 8 body
parts
Graham et al. Us 113 caregivers Hostility (Cook Medley General body pain CRP, IL-6 Pain and CRP correlates for
(72) 101 non- Hostility scale), Chronic (Presence/intensity) caregivers but not controls,
caregivers stress (Caregiver of a Hostility and CRP were associated
Longitudinal Mean age 69 relative) Bodily pain subscale from but equal between groups.
71.5% females SE-36
Poleshuck et al. | US 106 patients Depressive symptoms Pain intensity and IL-6 Increased IL6 levels was associated
(73) [Center for interference with more pain in depressed
Cross-sectional Mean age 52 Epidemiological Studies Bodily pain subscale from patients but not healthy controls
78% females Depression Scale-Revised SE-36
(CES-D-R)]

levels. This finding indicates that physical activity has a
protective effect on job stress-induced TTH by means of
reducing systemic inflammation. This effect was not found for
migraine, where LTPA had a protective effect independent of
inflammatory markers.

However, none of these studies measured stress as a direct
risk factor for pain and with a mediation analysis for markers
of systemic inflammation. Two studies that were structured in
this way examined depression as the predictor variable and
both demonstrated similar results. In a combined cross-
sectional and longitudinal study, Banafa et al. (69) found an
association between depressive symptoms (BDI score) and
temporomandibular (TM) pain that was not mediated by
hsCRP. However, they observed an increased risk of TM pain
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from depressive symptoms being potentiated by elevated
hsCRP. Consistent with this, Poleshuck et al. (73) demonstrated
a relationship between depressive symptoms (CES-D-R score)
and pain intensity and pain interference (SF-36 bodily pain
subscale score) that was not mediated by serum IL-6 levels.
However, they found that increased IL-6 levels correlated with
more pain during depression but not in its absence. Together,
these studies suggest that while systemic inflammation might
not mediate a relationship between depression and pain, the
influence of depression on pain seems to be aggravated by
systemic inflammation.

A version of this phenomenon was also found by Graham
et al. (72) in regards to chronic stress. In this study, chronic
stress (being caregiver to a relative) was associated with more
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Records identified through
database searches (n = 1920)

v

Records removed before screening:

Duplicate records removed (n = 822)

Records after duplicates removed (n = 1098)

Records excluded for not matching

Records screened (n = 1098)

Full text articles assesed for

inclusion/exclusion criteria
(n=1039)

Full textarticles excluded:

eligibility (n = 59)

A 4

Studies included in review
(n=21)

FIGURE 1
Study flowchart (adapted from PRISMA).

A 4

e Main theme influential factor not
included (n = 8)

e Required variables missing (n = 14)

e Mediation analysis missing (n = 12)

e Studies on children (n=1)

e  Studies on traumatic injuries (n = 1)

TABLE 4 Quality assessments. Sleep (N = 6).

Atuhor Study design Quiality score Quality group Commentary
Haack et al. (53) Intervention 4 Moderate quality Highly controlled
Haack et al. (54) Intervention 4 Moderate quality Highly controlled
Hodges et al. (55) Cross-sectional 5 Moderate quality Large sample
Irwin et al. (56) Intervention 6 High quality
Matre et al. (57) Cross-sectional 4 Moderate quality Large sample
Saravaanan et al. (58) Cross-sectional 5 Moderate quality
bodily pain (SF-36 bodily pain subscale score), not mediated by  inflammation. Physical abuse and sexual abuse during

CRP; however, pain was associated with higher CRP levels for
those under chronic stress, compared to controls. This result
indicates either a stronger inflammatory response to pain during
stress, or systemic inflammation causing more pain in the
chronically stressed.

In line with these results, Dalecheck et al. (71) found that
elevated CRP was predictive of chronic pain for patients with

anxiety, with such an effect being significantly less
pronounced for those without anxiety. This study also
examined ACEs in relation to pain and systemic
Frontiers in Pain Research
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childhood did not separately interact with CRP levels to
predict chronic pain, but when both physical and sexual
abuse occurred during childhood, they significantly increased
the effect CRP levels had on predicting chronic pain.

Taken together, these articles do not support the notion that
systemic
psychological factors and musculoskeletal pain. However, they
do suggest another interaction effect where depression, anxiety,
chronic stress, and, to some extent, ACEs are associated with
increased pain in the presence of systemic inflammation.

inflammation mediates an association between
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TABLE 5 Quality assessments. Obesity (N =9).

10.3389/fpain.2026.1755744

Author Study design Quality score Quality group Commentary
Dai et al. (59) Longitudinal 7 High quality Well controlled

Eslami et al. (60) Cross-sectional 5 Moderate quality

Fowler-Brown et al. (61) Cross-sectional 4 Moderate quality Partially low power
Glgersen et al. (62) Cross-sectonal 5 Moderate quality

Huebner et al. (63) Intervention 6 High quality

Luo et al. (64) Cross-sectional 5 Moderate quality Large sample

Perera et al. (65) Cross-sectional + Longitudinal 6 High quality

Ray et al. (66) Cross-sectional 4 Moderate quality

Yan et al. (67) Cross-sectional 5 Moderate quality Large sample

TABLE 6 Quality assessment. Psychological factors (N = 6).

Author Study design Quality score Quality group Commentary
Andres-Rodriguez et al. (68) Intervention 3 Low Quality

Banafa et al. (69) Cross-sectional + Longitudinal 5 Moderate quality Large sample

Belitardo de Oliveira et al. (70) Cross-sectional 5 Moderate quality Large sample
Dalecheck et al. (71) Cross-sectional 4 Moderate quality Large sample

Graham et al. (72) Longitudinal 4 Moderate quality

Poleshuck et al. (73) Cross-sectional 3 Low Quality

Discussion

This systematic review lends support to small but significant
mediating effects of systemic inflammation on the relationship
between sleep and musculoskeletal pain. It contributes to
knowledge on the relationship between obesity
musculoskeletal pain, where systemic inflammation had a small
but significant mediating effect in OA, but this effect was not

and

consistent across the few other musculoskeletal conditions
studied in this review. This review does not support a mediating
effect of systemic inflammation in the relationship between
psychological factors and musculoskeletal pain.

Regarding sleep, we found some studies consistent with, and
some in direct support for the notion that altered sleep
(disruption/deprivation) had an effect on different aspects of
musculoskeletal pain, partly mediated by systemic inflammation.
However, mediation effects were small and several methodological
limitations must be considered. First, the evidence base is
of both
exposure and outcome measures; sleep was variously defined as
reduced duration, poor subjective quality, or shift-work-related
disruption, while pain outcomes ranged from site-specific
intensity to generalized pressure pain thresholds. Second, the
overall evidence is constrained by a scarcity of high-quality
longitudinal studies. While experimental designs (53, 54, 56, 59,
63, 68, 69, 72) provide evidence for biological plausibility, the
majority of the data is derived from cross-sectional designs of
moderate methodological quality, which limits our ability to infer
definitive mediation.

characterized by heterogeneous operationalizations
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These above-mentioned limitations, combined with the small
effect sizes, suggest that systemic inflammation is likely only one of
several contributing mechanisms. For instance, the disturbance of
endogenous pain inhibition remains a critical alternative pathway,
as demonstrated by Smith et al. (74) and may operate
independently of, or in parallel with, the inflammatory response.

For obesity, there was also evidence of a partially mediating
effect by some inflammatory markers; however, this effect does
generalisable for different types of
musculoskeletal pain. There is a strong relationship between
obesity and OA, where part of the effect on weight-bearing
joints is likely related to mechanical load (75). This review
suggests that a part of this relationship is also mediated by
systemic inflammation, although in this case, adipokines like
leptin seem to be more influential than traditional markers like
CRP and cytokines. In the only study investigating the
association between obesity and back pain, the authors found no
mediation effect of inflammatory markers (65). It is possible
that both the presence and size of a mediating effect differ
among inflammatory markers and that such a difference is
reinforced among different painful conditions. One paradox in
relation to this hypothesis is the fact that CRP is the most
widely used marker of systemic inflammation, while at the same
time lacking a direct mechanistic link to nociceptive stimulation
(76). Inflammatory cytokines like IL-1B, TNFa and IL-6,
together with lipid mediators such as PGE2 have several distinct

not seem to be

ways of initiating nociceptive activity, yet many of the studies in
this review measured only CRP or CRP and one specific
cytokine but not others.
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Three of the included studies on obesity investigated an elderly
population (>70 years old) (60, 61, 66). Two of these studies
demonstrated a distinct sex difference, where both BMI and
markers of inflammation were related to pain (general pain/
osteoarthritis) for women but not for men. It was argued that
this was possibly influenced by the fact that women have more
adipose tissue per unit of BMI. Older men also have higher
estradiol-levels than older (post-menopausal) women, and
estradiol has an inhibitory effect on inflammatory cytokines
(60). One of the two studies, by Fowler-Brown et al. (61), did
not investigate CRP or inflammatory cytokines, but the
inflammatory adipokine leptin, which is even more closely
related to adiposity. However, in this same study, there were not
enough men in the sample for adequate power. It is possible
that both gender and age should be considered as factors
influencing  the
inflammation and pain.

associations  between  obesity, systemic
The findings regarding obesity are subject to several
methodological limitations. Similar to the evidence on sleep, the
results are constrained by heterogeneous operationalizations of
predictor, mediator and outcome variables, as well as a scarcity
of high-quality longitudinal data, especially for conditions other
than osteoarthritis. Another challenge in this field involves the
contextualization of the inflaimmatory markers utilized. CRP,
while frequently measured, is a non-specific marker highly
sensitive to factors such as BMI, physical activity, and
Given the
adiposity and systemic inflammation (77), it remains difficult to
definitively establish inflammation as an independent mediator.

subclinical illness. inherent association between

Several studies in this review indicate that psychological
factors like depression and anxiety do not cause pain through
increased systemic inflammation. They do, however, point to an
interaction effect, where psychological factors seem to have a
stronger impact on pain the presence of systemic
inflammation (69, 71-73). This type of synergistic effect from

in

psychological and immunological stressors has been found
earlier in animal studies (78, 79). In humans, similar findings
have been reported by Lacourt et al. (80), who demonstrated
decreased pain tolerance from negative affect during systemic
inflammation in healthy women. Taken together, these findings
support a role for systemic inflammation in the relationship
between psychological factors and musculoskeletal pain;
however, not as a direct mediator of effect. Although the overall
lower quality of the included studies on psychological factors
warrants caution when drawing conclusions, the results across
studies were consistent.

This indirect relationship between psychological factors,
systemic inflammation, and musculoskeletal pain demonstrates
the complexity of the interactions among all these variables and
the challenges in studying them properly. Adding to the
complexity, behavioural, psychological and physiological effects
are probably multidirectional. For example, the relationship
between depression (and anxiety) and pain is strong in both
directions (i.e., pain may lead to depression and vice versa) (81).
They share biological pathways and neurotransmitters, and
pharmacological interventions for depression (and anxiety) can
be used to treat pain (82). In the same manner, depression and
anxiety are known to be associated with systemic inflammation,
but systemic inflammation also increases the risk of developing
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depression (83, 84). It is likely that systemic inflammation,
induced by any other means (such as sleep deprivation or
obesity), might be a contributing factor to both depression/
anxiety and pain.

While this review focused on three commonly researched
factors (sleep, obesity and psychological factors), it is important
to note that there are other factors, where the association with
pain might be mediated by systemic inflammation. Such factors
are diet (59, 85-88) and socioeconomic status/education level
(44, 46), but possibly also smoking, alcohol, physical activity
levels and more, as indicated by some of the studies in this
review (64, 67). All these factors need further investigation in
future studies before robust conclusions can be drawn.

The authors of this systematic review made an attempt to
connect different influencing factors, painful conditions and
measures of systemic explore possible
overarching correlations. This might not have been an optimal

inflammation to
strategy. Though some influential factors seemingly affect pain
through inflammatory activity, this probably varies with
different influential factors, anatomical regions (spine, knee),
tissue processes (OA, fibromyalgia) and inflammatory markers
(CRP, IL-6, PGE2). Due to this variation, with only few studies
available for some types of musculoskeletal pain, the interaction
of systemic inflammation on a more general level is difficult to
interpret. This inconsistency is also in line with the mixed
findings from other authors regarding spinal pain. Klyne et al.
(89) found markers of systemic inflammation to be prognostic
of recovery from low back pain. Initial rises in CRP were
associated with good long-term recovery, while long-term
overexpression of TNF was associated with poor long-term
recovery. On the other hand Suri et al. (90) failed to find a
causal role for CRP in spinal pain. The extent to which separate
systemic stressors can be regarded as similar in terms of effects
on inflammation and pain remains unclear.

Strengths and limitations

A strength of this study was the ability to analyse systemic
inflammation as a potential mediator of the relationship
between several different influential factors and musculoskeletal
pain. This strength was arguably also a weakness in terms of the
achievable quality of comparisons.

For example, there were considerable differences in exposure
between included studies, even among those belonging to the
same category (e.g., “sleep” encompassed measurements of sleep
duration, forced awakenings, sleep quality scores etc). The same
can be said for the outcome “musculoskeletal pain”, varying
from occurrence of specific conditions such as OA, to distinct
pain intensity ratings, sometimes in previously healthy (pain-
free) the
inflammation” was not measured by the same standards in

individuals. Even proposed mediator “systemic
included studies, partly owing to the fact that no such standard
seems to exist. This heterogeneity between studies in terms of
exposure, outcome and mediator limits the ability to draw
uniform conclusions about mediating effects.

Another inherent difficulty in studying systemic inflammation
as a variable, is that the most commonly measured marker, CRP, is

highly sensitive to a broad spectrum of factors (BMI, infection,
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physical activity, smoking etc). It has been proposed to reflect any
kind of (minor) metabolic stress (13, 16, 18). This is also the very
reason for our interest in exploring systemic inflammation as an
overarching mechanistic link between lifestyle factors and
musculoskeletal pain; however, it adds to the difficulty of the
task. Most of the included studies controlled for a considerable
list of confounders to deal with this problem.

The use of a quality appraisal tool adapted for mediation
studies (51) enabled a better assessment than the original tool
developed for RCTs (50). However, the adapted version had its
own limitations. As mentioned in the methods section, the
assessment tool used clear-cut categories not necessarily
reflecting the spectrum of possible answers in each domain. Its
application was further complicated by the heterogeneity of
study designs (both cross-sectional and intervention studies) and
methods of measuring mediation effects. To compensate for
these challenges, the authors made independent assessments of
the three included articles before discussing interpretations of
questions and comparing results.

To facilitate the presentation of the assessment for the reader,
the quality scores were divided into groups of low, moderate and
high quality, despite having no such predefined standard in the
literature. As a compensatory measure, full domain-specific
scores are provided in Supplementary Files S3 for transparency.

An inherent challenge in systematic reviews is the risk of
selection bias. While the databases in this

specifically chosen for their broad scope, in order not to miss

review were

relevant research, it is possible that the inclusion of other
databases such as CINAHL or Web of Science, and searches
targeting grey literature would have generated additional studies.

An explicit aim of this review was to examine mediation
effects, rather than mere correlations between influential factors,
systemic inflammation and musculoskeletal pain. Unfortunately,
the incorporation of mediation effects in the research question
entails challenges as to what is to be considered a mediation
effect, where to draw the line and what standard to aim for in
statistical analyses. In this review, any study indicating systemic
inflammation as a possible link between an influencing factor
and pain was first considered. The mediating effect was then
evaluated through the quality assessment tool, where item
number 4 directly addresses the issue of appropriate statistical
methods. Methods deemed appropriate by the standard of the
assessment tool were accepted at face value and, in some cases
checked with a statistician. The ability to draw conclusions
about causal mediation is specifically limited in this review, due
to the inclusion of a large proportion of cross-sectional studies,
lacking data on temporal relationships/directionality.

Conclusion

The findings from this review suggest that systemic
inflammation mediates part of the association between sleep and
musculoskeletal pain and between obesity and OA, but not the
association between psychological factors and musculoskeletal
pain. Due to the heterogeneity between studies in terms of
predictor, mediator and outcome variables, as well as the
scarcity of high-quality longitudinal data, causal mediation
cannot be confidently established. More research is required to
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draw firm conclusions regarding mediation, as well as to explore
other influential factors and different mechanisms of associations.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

Author contributions

DJ: Conceptualization, Methodology, Writing - original draft,
Writing - review & editing. LD: Conceptualization, Project
administration, Writing — review & editing. MJ: Conceptualization,
Methodology, Project administration, Writing — review & editing.

Funding

The author(s) declared that financial support was not received
for this work and/or its publication.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever
possible. If you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpain.2026.
1755744/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpain.2026.1755744/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpain.2026.1755744/full#supplementary-material
https://doi.org/10.3389/fpain.2026.1755744

Josefsson et al.

References

1. Organisation WH. Musculoskeleta Conditions. Geneva: World Health Organisation
(2022). https://www.who.int/news-room/fact-sheets/detail/musculoskeletal-conditions

2. Guidi J, Lucente M, Sonino N, Fava GA. Allostatic load and its impact on
health: a systematic review. Psychother Psychosom. (2020) 90(1):11-27. doi: 10.
1159/000510696

3. Hartvigsen J, Hancock M]J, Kongsted A, Louw Q, Ferreira ML, Genevay S, et al.
What low back pain is and why we need to pay attention. Lancet. (2018)
391(10137):2356-67. doi: 10.1016/S0140-6736(18)30480-X

4. Linton SJ. A review of psychological risk factors in back and neck pain. Spine.
(2000) 25(9):1148-56. doi: 10.1097/00007632-200005010-00017

5. Mills SEE, Nicolson KP, Smith BH. Chronic pain: a review of its epidemiology and
associated factors in population-based studies. Br J Anaesth. (2019) 123(2):e273-e83.
doi: 10.1016/j.bja.2019.03.023

6. Chester R, Jerosch-Herold C, Lewis ], Shepstone L. Psychological factors are
associated with the outcome of physiotherapy for people with shoulder pain: a
multicentre longitudinal cohort study. Br ] Sports Med. (2018) 52(4):269-75.
doi: 10.1136/bjsports-2016-096084

7. Ruela GA, Barreto SM, Griep RH, Bensenor IM, Telles RW, Camelo LV. Job stress
and chronic and widespread musculoskeletal pain: a cross-sectional analysis from the
Brazilian longitudinal study of adult health musculoskeletal. Pain. (2022)
163(10):2044-51. doi: 10.1097/j.pain.0000000000002602

8. Stone AA, Broderick JE. Obesity and pain are associated in the United States.
Obesity. (2012) 20(7):1491-5. doi: 10.1038/0by.2011.397

9. Muniz Carvalho C, Wendt FR, Maihofer AX, Stein DJ, Stein MB, Sumner JA, et al.
Dissecting the genetic association of C-reactive protein with PTSD, traumatic events,
and social support. Neuropsychopharmacology. (2021) 46(6):1071-7. doi: 10.1038/
541386-020-0655-6

10. Kopp W. How western diet and lifestyle drive the pandemic of obesity and
civilization diseases. Diabetes Metab Syndr Obes. (2019) 12:2221-36. doi: 10.2147/
DMS0.5216791

11. Abramov DM, Peixoto PC. Does contemporary western culture play a role in
mental disorders? Front Psychiatry. (2022) 13:978860. doi: 10.3389/fpsyt.2022.978860

12. Cohen SP, Vase L, Hooten WM. Chronic pain: an update on burden, best
practices, and new advances. Lancet. (2021) 397(10289):2082-97. doi: 10.1016/
S0140-6736(21)00393-7

13. Kushner I, Rzewnicki D, Samols D. What does minor elevation of C-reactive protein
signify? Am J Med. (2006) 119(2):166.e17-€28. doi: 10.1016/j.amjmed.2005.06.057

14. Lasselin J, Alvarez-Salas E, Grigoleit JS. Well-being and immune response: a
multi-system perspective. Curr Opin Pharmacol. (2016) 29:34-41. doi: 10.1016/j.
coph.2016.05.003

15. Zhou WBS, Meng J, Zhang J. Does low grade systemic inflammation have a role in
chronic pain? Front Mol Neurosci. (2021) 14:785214. doi: 10.3389/fnmol.2021.785214

16. Kushner I, Samols D, Magrey M. A unifying biologic explanation for “high-
sensitivity” C-reactive protein and “low-grade” inflammation. Arthritis Care Res.
(2010) 62(4):442-6. doi: 10.1002/acr.20052

17. Medzhitov R. Origin and physiological roles of inflammation. Nature. (2008)
454(7203):428-35. doi: 10.1038/nature07201

18. Antonelli M, Kushner 1. It’s time to redefine inflammation. FASEB ]. (2017)
31(5):1787-91. doi: 10.1096/1j.201601326R

19. Church TS, Barlow CE, Earnest CP, Kampert JB, Priest EL, Blair SN. Associations
between cardiorespiratory fitness and C-reactive protein in men. Arterioscler Thromb
Vasc Biol. (2002) 22(11):1869-76. doi: 10.1161/01.ATV.0000036611.77940.F8

20. Elisia I, Lam V, Cho B, Hay M, Li MY, Yeung M, et al. The effect of smoking on
chronic inflammation, immune function and blood cell composition. Sci Rep. (2020)
10(1):19480. doi: 10.1038/s41598-020-76556-7

21. Orsolini L, Pompili S, Tempia Valenta S, Salvi V, Volpe U. C-Reactive protein as a
biomarker for Major depressive disorder? Int ] Mol Sci. (2022) 23(3):3. doi: 10.3390/
ijms23031616

22. Wright KP Jr., Drake AL, Frey DJ, Fleshner M, Desouza CA, Gronfier C, et al.
Influence of sleep deprivation and circadian misalignment on cortisol,
inflammatory markers, and cytokine balance. Brain Behav Immun. (2015)
47:24-34. doi: 10.1016/j.bbi.2015.01.004

23. Canli K, Billens A, Van Oosterwijck J, Meeus M, De Meulemeester K. Systemic
cytokine level differences in patients with chronic musculoskeletal spinal pain
compared to healthy controls and its association with pain severity: a systematic
review. Pain Med. (2022) 23(12):1947-64. doi: 10.1093/pm/pnac091

24. Farrell SF, de Zoete RMJ, Cabot PJ, Sterling M. Systemic inflammatory markers in
neck pain: a systematic review with meta-analysis. Eur ] Pain. (2020) 24(9):1666-86.
doi: 10.1002/ejp.1630

25. Domingues RB, Duarte H, Rocha NP, Teixeira AL. Increased serum levels of
interleukin-8 in patients with tension-type headache. Cephalalgia. (2015)
35(9):801-6. doi: 10.1177/0333102414559734

Frontiers in Pain Research

10.3389/fpain.2026.1755744

26. Hong-Baik I, Ubeda-D’Ocasar E, Cimadevilla-Fernandez-Pola E, Jimenez-Diaz-
Benito V, Hervas-Perez JP. The effects of non-pharmacological interventions in
fibromyalgia: a systematic review and metanalysis of predominants outcomes.
Biomedicines. (2023) 11(9):2367. doi: 10.3390/biomedicines11092367

27. Hunt CA, Mun CJ, Owens MA, Lerman SF, Kunatharaju S, Tennen HA, et al.
Sleep, positive affect, and circulating interleukin-6 in women with
temporomandibular joint disorder. Psychosom Med. (2022) 84(3):383-92. doi: 10.
1097/PSY.0000000000001047

28. Uceyler N, Rogausch JP, Toyka KV, Sommer C. Differential expression of
cytokines in painful and painless neuropathies. Neurology. (2007) 69(1):42-9.
doi: 10.1212/01.wnl.0000265062.92340.a5

29. Uceyler N, Eberle T, Rolke R, Birklein F, Sommer C. Differential expression
patterns of cytokines in complex regional pain syndrome. Pain. (2007)
132(1-2):195-205. doi: 10.1016/j.pain.2007.07.031

30. Eitner A, Hofmann GO, Schaible HG. Mechanisms of osteoarthritic pain. Studies
in humans and experimental models. Front Mol Neurosci. (2017) 10:349. doi: 10.
3389/fnmol.2017.00349

31. Sommer C, Kress M. Recent findings on how proinflammatory cytokines cause
pain: peripheral mechanisms in inflammatory and neuropathic hyperalgesia.
Neurosci Lett. (2004) 361(1-3):184-7. doi: 10.1016/j.neulet.2003.12.007

32. Dina OA, Green PG, Levine JD. Role of interleukin-6 in chronic muscle hyperalgesic
priming. Neuroscience. (2008) 152(2):521-5. doi: 10.1016/j.neuroscience.2008.01.006

33. Schaible HG. Nociceptive neurons detect cytokines in arthritis. Arthritis Res Ther.
(2014) 16(5):470. doi: 10.1186/s13075-014-0470-8

34. Schaible HG, von Banchet GS, Boettger MK, Brauer R, Gajda M, Richter F, et al.
The role of proinflammatory cytokines in the generation and maintenance of joint
pain. Ann N 'Y Acad Sci. (2010) 1193:60-9. doi: 10.1111/j.1749-6632.2009.05301.x

35. Basbaum AI, Bautista DM, Scherrer G, Julius D. Cellular and molecular
mechanisms of pain. Cell. (2009) 139(2):267-84. doi: 10.1016/j.cell.2009.09.028

36. Kawasaki Y, Zhang L, Cheng JK, Ji RR. Cytokine mechanisms of central
sensitization: distinct and overlapping role of interleukin-1beta, interleukin-6, and
tumor necrosis factor-alpha in regulating synaptic and neuronal activity in the
superficial spinal cord. ] Neurosci. (2008) 28(20):5189-94. doi: 10.1523/
JNEUROSCI.3338-07.2008

37. Zhang JM, An J. Cytokines, inflammation, and pain. Int Anesthesiol Clin. (2007)
45(2):27-37. doi: 10.1097/AIA.0b013e318034194e

38. de Goeij M, van Eijk LT, Vanelderen P, Wilder-Smith OH, Vissers KC, van der
Hoeven JG, et al. Systemic inflammation decreases pain threshold in humans in
vivo. PLoS One. (2013) 8(12):e84159. doi: 10.1371/journal.pone.0084159

39. Karshikoff B, Lekander M, Soop A, Lindstedt F, Ingvar M, Kosek E, et al.
Modality and sex differences in pain sensitivity during human endotoxemia. Brain
Behav Immun. (2015) 46:35-43. doi: 10.1016/j.bbi.2014.11.014

40. Wegner A, Elsenbruch S, Maluck ], Grigoleit JS, Engler H, Jager M, et al.
Inflammation-induced hyperalgesia: effects of timing, dosage, and negative affect
on somatic pain sensitivity in human experimental endotoxemia. Brain Behav
Immun. (2014) 41:46-54. doi: 10.1016/j.bbi.2014.05.001

41. Klyne DM, Barbe MF, James G, Hodges PW. Does the interaction between local
and systemic inflammation provide a link from psychology and lifestyle to tissue
health in musculoskeletal conditions? Int J] Mol Sci. (2021) 22(14):14. doi: 10.3390/
ijms22147299

42. Lerman SF, Mun CJ, Hunt CA, Kunatharaju S, Buenaver LF, Finan PH, et al.
Insomnia with objective short sleep duration in women with temporomandibular
joint disorder: quantitative sensory testing, inflammation and clinical pain profiles.
Sleep Med. (2022) 90:26-35. doi: 10.1016/j.sleep.2022.01.004

43. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al.
The PRISMA 2020 statement: an updated guideline for reporting systematic reviews.
Br Med J. (2021) 372:n71. doi: 10.1136/bmj.n71

44. Cure O, Kizilkaya B, Ciftel S, Klisic A, Ciftel E, Mercantepe F. Effect of
fibromyalgia on demographic, biochemical, metabolic and inflammatory profiles: a
single-centre retrospective study. Clin Exp Rheumatol. (2024) 42(6):1205-14.
doi: 10.55563/clinexprheumatol/o05zjo

45. Dong Y, Jiang P, Jin X, Jiang N, Huang W, Peng Y, et al. Association between
long-term static postures exposure and musculoskeletal disorders among university
employees: a viewpoint of inflammatory pathways. Front Public Health. (2022)
10:1055374. doi: 10.3389/fpubh.2022.1055374

46. Glei DA, Goldman N, Shkolnikov VM, Jdanov D, Shalnova S, Shkolnikova M, et al.
To what extent do biomarkers account for the large social disparities in health in
Moscow? Soc Sci Med. (2013) 77:164-72. doi: 10.1016/j.socscimed.2012.11.022

47. Nevidimova TI, Masterova EI, Savochkina DN, Bokhan NA. Cytokine mediated
changes of pain sensitivity in predisposition to substance dependence. Patol Fiziol
Eksp Ter. (2016) 60(3):57-60.

48. Zhao L, Wu T, Li J, Cai C, Yao Q, Zhu YS. Data-independent acquisition-based
proteomics analysis correlating type 2 diabetes mellitus with osteoarthritis in total

frontiersin.org


https://www.who.int/news-room/fact-sheets/detail/musculoskeletal-conditions
https://doi.org/10.1159/000510696
https://doi.org/10.1159/000510696
https://doi.org/10.1016/S0140-6736(18)30480-X
https://doi.org/10.1097/00007632-200005010-00017
https://doi.org/10.1016/j.bja.2019.03.023
https://doi.org/10.1136/bjsports-2016-096084
https://doi.org/10.1097/j.pain.0000000000002602
https://doi.org/10.1038/oby.2011.397
https://doi.org/10.1038/s41386-020-0655-6
https://doi.org/10.1038/s41386-020-0655-6
https://doi.org/10.2147/DMSO.S216791
https://doi.org/10.2147/DMSO.S216791
https://doi.org/10.3389/fpsyt.2022.978860
https://doi.org/10.1016/S0140-6736(21)00393-7
https://doi.org/10.1016/S0140-6736(21)00393-7
https://doi.org/10.1016/j.amjmed.2005.06.057
https://doi.org/10.1016/j.coph.2016.05.003
https://doi.org/10.1016/j.coph.2016.05.003
https://doi.org/10.3389/fnmol.2021.785214
https://doi.org/10.1002/acr.20052
https://doi.org/10.1038/nature07201
https://doi.org/10.1096/fj.201601326R
https://doi.org/10.1161/01.ATV.0000036611.77940.F8
https://doi.org/10.1038/s41598-020-76556-7
https://doi.org/10.3390/ijms23031616
https://doi.org/10.3390/ijms23031616
https://doi.org/10.1016/j.bbi.2015.01.004
https://doi.org/10.1093/pm/pnac091
https://doi.org/10.1002/ejp.1630
https://doi.org/10.1177/0333102414559734
https://doi.org/10.3390/biomedicines11092367
https://doi.org/10.1097/PSY.0000000000001047
https://doi.org/10.1097/PSY.0000000000001047
https://doi.org/10.1212/01.wnl.0000265062.92340.a5
https://doi.org/10.1016/j.pain.2007.07.031
https://doi.org/10.3389/fnmol.2017.00349
https://doi.org/10.3389/fnmol.2017.00349
https://doi.org/10.1016/j.neulet.2003.12.007
https://doi.org/10.1016/j.neuroscience.2008.01.006
https://doi.org/10.1186/s13075-014-0470-8
https://doi.org/10.1111/j.1749-6632.2009.05301.x
https://doi.org/10.1016/j.cell.2009.09.028
https://doi.org/10.1523/JNEUROSCI.3338-07.2008
https://doi.org/10.1523/JNEUROSCI.3338-07.2008
https://doi.org/10.1097/AIA.0b013e318034194e
https://doi.org/10.1371/journal.pone.0084159
https://doi.org/10.1016/j.bbi.2014.11.014
https://doi.org/10.1016/j.bbi.2014.05.001
https://doi.org/10.3390/ijms22147299
https://doi.org/10.3390/ijms22147299
https://doi.org/10.1016/j.sleep.2022.01.004
https://doi.org/10.1136/bmj.n71
https://doi.org/10.55563/clinexprheumatol/oo5zjo
https://doi.org/10.3389/fpubh.2022.1055374
https://doi.org/10.1016/j.socscimed.2012.11.022
https://doi.org/10.3389/fpain.2026.1755744

Josefsson et al.

knee arthroplasty patients. Medicine. (2022) 101(5):e28738. doi: 10.1097/MD.
0000000000028738

49. Zhou J, Huang J, Li Z, Song Q, Yang Z, Wang L, et al. Identification of aging-
related biomarkers and immune infiltration characteristics in osteoarthritis based
on bioinformatics analysis and machine learning. Front Immunol. (2023)
14:1168780. doi: 10.3389/fimmu.2023.1168780

50. Mansell G, Kamper SJ, Kent P. Why and how back pain interventions work: what
can we do to find out? Best Pract Res Clin Rheumatol. (2013) 27(5):685-97. doi: 10.
1016/j.berh.2013.10.001

51. Lee H, Hubscher M, Moseley GL, Kamper SJ, Traeger AC, Mansell G, et al. How
does pain lead to disability? A systematic review and meta-analysis of mediation
studies in people with back and neck pain. Pain. (2015) 156(6):988-97. doi: 10.
1097/j.pain.0000000000000146

52. Fritz MS, Mackinnon DP. Required sample size to detect the mediated effect.
Psychol Sci. (2007) 18(3):233-9. doi: 10.1111/j.1467-9280.2007.01882.x

53. Haack M, Lee E, Cohen DA, Mullington JM. Activation of the prostaglandin
system in response to sleep loss in healthy humans: potential mediator of increased
spontaneous pain. Pain. (2009) 145(1-2):136-41. doi: 10.1016/j.pain.2009.05.029

54. Haack M, Sanchez E, Mullington JM. Elevated inflammatory markers in response
to prolonged sleep restriction are associated with increased pain experience in healthy
volunteers. Sleep. (2007) 30(9):1145-52. doi: 10.1093/sleep/30.9.1145

55. Hodges S, Guler S, Sacca V, Vangel M, Orr S, Pace-Schott E, et al. Associations
among acute and chronic musculoskeletal pain, sleep duration, and C-reactive
protein (CRP): a cross-sectional study of the UK biobank dataset. Sleep Med.
(2023) 101:393-400. doi: 10.1016/j.sleep.2022.11.013

56. Irwin MR, Olmstead R, Bjurstrom MF, Finan PH, Smith MT. Sleep disruption and
activation of cellular inflammation mediate heightened pain sensitivity: a randomized
clinical trial. Pain. (2023) 164(5):1128-37. doi: 10.1097/j.pain.0000000000002811

57. Matre D, Christensen JO, Mork PJ, Ferreira P, Sand T, Nilsen KB. Shift work,
inflammation and musculoskeletal pain-the HUNT study. Occup Med. (2021)
71(9):422-7. doi: 10.1093/occmed/kqab133

58. Saravanan A, Bajaj P, Mathews HL, Tell D, Starkweather A, Janusek L. Social
support is inversely associated with sleep disturbance, inflammation, and pain
severity in chronic low back pain. Nurs Res. (2021) 70(6):425-32. doi: 10.1097/
NNR.0000000000000543

59. Dai Z, Jafarzadeh SR, Niu J, Felson DT, Jacques PF, Li S, et al. Body mass Index
mediates the association between dietary fiber and symptomatic knee osteoarthritis in
the osteoarthritis initiative and the framingham osteoarthritis study. J Nutr. (2018)
148(12):1961-7. doi: 10.1093/jn/nxy231

60. Eslami V, Katz MJ, White RS, Sundermann E, Jiang JM, Ezzati A, et al. Pain
intensity and pain interference in older adults: role of gender, obesity and high-
sensitivity C-reactive protein. Gerontology. (2017) 63(1):3-12. doi: 10.1159/000446651

61. Fowler-Brown A, Kim DH, Shi L, Marcantonio E, Wee CC, Shmerling RH, et al.
The mediating effect of leptin on the relationship between body weight and knee
osteoarthritis in older adults. Arthritis Rheumatol. (2015) 67(1):169-75. doi: 10.
1002/art.38913

62. Gloersen M, Steen Pettersen P, Neogi T, Jafarzadeh SR, Vistnes M, Thudium CS,
et al. Associations of body mass Index with pain and the mediating role of
inflammatory biomarkers in people with hand osteoarthritis. Arthritis Rheumatol.
(2022) 74(5):810-7. doi: 10.1002/art.42056

63. Huebner JL, Landerman LR, Somers TJ, Keefe FJ, Guilak F, Blumenthal JA, et al.
Exploratory secondary analyses of a cognitive-behavioral intervention for knee
osteoarthritis demonstrate reduction in biomarkers of adipocyte inflammation.
Osteoarthr Cartil. (2016) 24(9):1528-34. doi: 10.1016/j.joca.2016.04.002

64. Luo L, Li M, Huang W, Zhang S, Sun J, Zhang B, et al. Obesity aggravates the role
of C-reactive protein on knee pain: a cross-sectional analysis with NHANES data.
Immun Inflamm Dis. (2024) 12(9):e1371. doi: 10.1002/iid3.1371

65. Perera RS, Chen L, Hart DJ, Spector TD, Arden NK, Ferreira ML, et al. Effects of
body weight and fat mass on back pain - direct mechanical or indirect through
inflammatory and metabolic parameters? Semin Arthritis Rheum. (2022) 52:151935.
doi: 10.1016/j.semarthrit.2021.11.007

66. Ray L, Lipton RB, Zimmerman ME, Katz MJ, Derby CA. Mechanisms of
association between obesity and chronic pain in the elderly. Pain. (2011)
152(1):53-9. doi: 10.1016/j.pain.2010.08.043

67. YanL, Ge H, Xu Q, Jiang D, Shen A, Yang M, et al. Dyslipidemia induced inflammation
mediated the association between obesity and osteoarthritis: a population-based study.
BMC Public Health. (2024) 24(1):3155. doi: 10.1186/s12889-024-20616-4

68. Andres-Rodriguez L, Borras X, Feliu-Soler A, Perez-Aranda A, Rozadilla-Sacanell
A, Montero-Marin J, et al. Immune-inflammatory pathways and clinical changes in
fibromyalgia patients treated with mindfulness-based stress reduction (MBSR): a
randomized, controlled clinical trial. Brain Behav Immun. (2019) 80:109-19.
doi: 10.1016/j.bbi.2019.02.030

Frontiers in Pain Research

14

10.3389/fpain.2026.1755744

69. Banafa A, Sipila K, Suvisaari J, Suominen AL. Low-grade inflammation as a
potential mediator between depressive symptoms and temporomandibular pain: an
11-year follow-up study on finnish adults. Acta Odontol Scand. (2021)
79(7):545-53. doi: 10.1080/00016357.2021.1909746

70. Belitardo de Oliveira A, Winter Schytz H, Fernando Prieto Peres M, Peres
Mercante JP, Brunoni AR, Wang YP, et al. Does physical activity and
inflammation mediate the job stress-headache relationship? A sequential mediation
analysis in the ELSA-Brasil study. Brain Behav Immun. (2024) 120:187-98. doi: 10.
1016/j.bbi.2024.06.002

71. Dalechek DE, Caes L, McIntosh G, Whittaker AC. An analysis on history of
childhood adversity, anxiety, and chronic pain in adulthood and the influence of
inflammatory biomarker C-reactive protein. Sci Rep. (2023) 13(1):18000. doi: 10.
1038/s41598-023-44874-1

72. Graham JE, Robles TF, Kiecolt-Glaser JK, Malarkey WB, Bissell MG, Glaser R.
Hostility and pain are related to inflammation in older adults. Brain Behav Immun.
(2006) 20(4):389-400. doi: 10.1016/j.bbi.2005.11.002

73. Poleshuck EL, Talbot NL, Moynihan JA, Chapman BP, Heffner KL. Depressive
symptoms, pain, chronic medical morbidity, and interleukin-6 among primary care
patients. Pain Med. (2013) 14(5):686-91. doi: 10.1111/pme.12089

74. Smith MT, Edwards RR, McCann UD, Haythornthwaite JA. The effects of sleep
deprivation on pain inhibition and spontaneous pain in women. Sleep. (2007)
30(4):494-505. doi: 10.1093/sleep/30.4.494

75. Francisco V, Perez T, Pino J, Lopez V, Franco E, Alonso A, et al. Biomechanics,
obesity, and osteoarthritis. The role of adipokines: when the levee breaks. J Orthop
Res. (2018) 36(2):594-604. doi: 10.1002/jor.23788

76. Du Clos TW. Function of C-reactive protein. Ann Med. (2000) 32(4):274-8.
doi: 10.3109/07853890009011772

77. Ellulu MS, Patimah I, Khaza’ai H, Rahmat A, Abed Y. Obesity and inflammation:
the linking mechanism and the complications. Arch Med Sci. (2017) 13(4):851-63.
doi: 10.5114/a0ms.2016.58928

78. Anisman H, Poulter MO, Gandhi R, Merali Z, Hayley S. Interferon-alpha effects
are exaggerated when administered on a psychosocial stressor backdrop: cytokine,
corticosterone and brain monoamine variations. | Neuroimmunol. (2007)
186(1-2):45-53. doi: 10.1016/j.jneuroim.2007.02.008

79. Gibb J, Al-Yawer F, Anisman H. Synergistic and antagonistic actions of
acute or chronic social stressors and an endotoxin challenge vary over time
following the challenge. Brain Behav Immun. (2013) 28:149-58. doi: 10.1016/
j.bbi.2012.11.004

80. Lacourt TE, Houtveen JH, Veldhuijzen van Zanten JJ, Bosch JA, Drayson MT,
Van Doornen LJ. Negative affectivity predicts decreased pain tolerance during low-
grade inflammation in healthy women. Brain Behav Immun. (2015) 44:32-6.
doi: 10.1016/j.bbi.2014.10.003

81. Von Korff M, Simon G. The relationship between pain and depression. Br
] Psychiatry Suppl. (1996) 168(30):101-8. doi: 10.1192/S0007125000298474

82. Bair MJ, Robinson RL, Katon W, Kroenke K. Depression and pain comorbidity: a
literature review. Arch Intern Med. (2003) 163(20):2433-45. doi: 10.1001/archinte.
163.20.2433

83. Pasco JA, Nicholson GC, Williams L], Jacka FN, Henry MJ, Kotowicz MA, et al.
Association of high-sensitivity C-reactive protein with de novo major depression. Br
J Psychiatry. (2010) 197(5):372-7. doi: 10.1192/bjp.bp.109.076430

84. Linton SJ, Bergbom S. Understanding the link between depression and pain.
Scand J Pain. (2011) 2(2):47-54. doi: 10.1016/j.sjpain.2011.01.005

85. Emery CF, Olson KL, Bodine A, Lee V, Habash DL. Dietary intake mediates the
relationship of body fat to pain. Pain. (2017) 158(2):273-7. doi: 10.1097/j.pain.
0000000000000754

86. Wang H, Liao R, Tang W, Su W, Zeng M, Yang J, et al. Dietary inflammation
index and osteoarthritis in the elderly: is there a mediating role of physical
activity? Br ] Nutr. (2022) 128(11):2258-66. doi: 10.1017/S0007114522000265

87. Runhaar J, Beavers DP, Miller GD, Nicklas BJ, Loeser RF, Bierma-Zeinstra S, et al.
Inflammatory cytokines mediate the effects of diet and exercise on pain and function
in knee osteoarthritis independent of BMI. Osteoarthritis Cartilage. (2019)
27(8):1118-23. doi: 10.1016/j.joca.2019.04.009

88. Sanders AE, Shaikh SR, Slade GD. Long-chain omega-3 fatty acids and headache
in the U.S. Population. Prostaglandins Leukot Essent Fatty Acids. (2018) 135:47-53.
doi: 10.1016/j.plefa.2018.06.008

89. Klyne DM, Barbe MF, Hodges PW. Relationship between systemic inflammation
and recovery over 12 months after an acute episode of low back pain. Spine J. (2022)
22(2):214-25. doi: 10.1016/j.spinee.2021.09.006

90. Suri P, Tsepilov YA, Elgaeva EE, Williams FMK, Freidin MB, Stanaway IB. No
evidence for causal effects of C-reactive protein (CRP) on chronic pain conditions:
a Mendelian randomization study. medRxiv (2024).

frontiersin.org


https://doi.org/10.1097/MD.0000000000028738
https://doi.org/10.1097/MD.0000000000028738
https://doi.org/10.3389/fimmu.2023.1168780
https://doi.org/10.1016/j.berh.2013.10.001
https://doi.org/10.1016/j.berh.2013.10.001
https://doi.org/10.1097/j.pain.0000000000000146
https://doi.org/10.1097/j.pain.0000000000000146
https://doi.org/10.1111/j.1467-9280.2007.01882.x
https://doi.org/10.1016/j.pain.2009.05.029
https://doi.org/10.1093/sleep/30.9.1145
https://doi.org/10.1016/j.sleep.2022.11.013
https://doi.org/10.1097/j.pain.0000000000002811
https://doi.org/10.1093/occmed/kqab133
https://doi.org/10.1097/NNR.0000000000000543
https://doi.org/10.1097/NNR.0000000000000543
https://doi.org/10.1093/jn/nxy231
https://doi.org/10.1159/000446651
https://doi.org/10.1002/art.38913
https://doi.org/10.1002/art.38913
https://doi.org/10.1002/art.42056
https://doi.org/10.1016/j.joca.2016.04.002
https://doi.org/10.1002/iid3.1371
https://doi.org/10.1016/j.semarthrit.2021.11.007
https://doi.org/10.1016/j.pain.2010.08.043
https://doi.org/10.1186/s12889-024-20616-4
https://doi.org/10.1016/j.bbi.2019.02.030
https://doi.org/10.1080/00016357.2021.1909746
https://doi.org/10.1016/j.bbi.2024.06.002
https://doi.org/10.1016/j.bbi.2024.06.002
https://doi.org/10.1038/s41598-023-44874-1
https://doi.org/10.1038/s41598-023-44874-1
https://doi.org/10.1016/j.bbi.2005.11.002
https://doi.org/10.1111/pme.12089
https://doi.org/10.1093/sleep/30.4.494
https://doi.org/10.1002/jor.23788
https://doi.org/10.3109/07853890009011772
https://doi.org/10.5114/aoms.2016.58928
https://doi.org/10.1016/j.jneuroim.2007.02.008
https://doi.org/10.1016/j.bbi.2012.11.004
https://doi.org/10.1016/j.bbi.2012.11.004
https://doi.org/10.1016/j.bbi.2014.10.003
https://doi.org/10.1192/S0007125000298474
https://doi.org/10.1001/archinte.163.20.2433
https://doi.org/10.1001/archinte.163.20.2433
https://doi.org/10.1192/bjp.bp.109.076430
https://doi.org/10.1016/j.sjpain.2011.01.005
https://doi.org/10.1097/j.pain.0000000000000754
https://doi.org/10.1097/j.pain.0000000000000754
https://doi.org/10.1017/S0007114522000265
https://doi.org/10.1016/j.joca.2019.04.009
https://doi.org/10.1016/j.plefa.2018.06.008
https://doi.org/10.1016/j.spinee.2021.09.006
https://doi.org/10.3389/fpain.2026.1755744

	Systemic inflammation mediating the relationship between lifestyle factors and musculoskeletal pain: a systematic review
	Background
	Aim
	Methods
	Search strategy
	Inclusion criteria
	Exclusion criteria
	Information sources

	Study selection
	Data extraction
	Study risk of bias assessment
	Data synthesis

	Results
	Quality assessment
	Results of syntheses
	Sleep as the predictor variable
	Obesity as the predictor variable
	Psychological factors as the predictor variable


	Discussion
	Strengths and limitations

	Conclusion
	Data availability statement
	Author contributions
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


