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NEUROSCIENCE

The inflammatory and genetic mechanisms underlying
the cumulative effect of co-occurring pain conditions

on depression

Rongtao Jiang"?*, Paul Geha®, Matthew Rosenblatt®, Yunhe Wang®*, Zening Fu®, Maya Foster’,
Wei Dai®, Vince D. Calhoun®, Jing Sui'*, Marisa N. Spann®, Dustin Scheinost

Chronic pain conditions frequently coexist and share common genetic vulnerabilities. Despite evidence showing
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associations between pain and depression, the additive effect of co-occurring pain conditions on depression risk
and the underlying mechanisms remain unclear. Leveraging data from 431,038 UK Biobank participants with
14-year follow-up, we found a significantly increased risk of depression incidence in individuals reporting pain,
irrespective of body site or duration (acute or chronic), compared with pain-free individuals. The depression risk
increased with the number of co-occurring pain sites. Mendelian randomization supported potential causal infer-
ence. We constructed a composite pain score by combining individual effects of acute or chronic pain conditions
across eight body sites in a weighted manner. We found that depression risks increased monotonically in parallel
with composite pain scores. Moreover, some inflammatory markers, including C-reactive protein, partially mediated
the association between composite pain scores and depression risk. Considering the high prevalence of comorbid
depression and pain, pain screening may help identify high-risk individuals for depression.

INTRODUCTION

Chronic pain—defined as pain persisting for over 3 months—is a
complex and heterogeneous condition (1) influenced by a combina-
tion of biopsychosocial, environmental, and genetic factors (2-4).
Globally, about 30% of people suffer from chronic pain, making it
the most frequent reason for seeking health care (5, 6). Chronic pain
is now recognized as a separate disease entity rather than an accom-
panying symptom of an underlying disease (7).

In addition to physical suffering, emerging evidence suggests that
pain may lead to depression (8). Notably, chronic pain across dis-
tinct body sites (e.g., head and shoulder) has been associated with
severe depressive symptoms (8-11). A meta-analysis involving data
from 47 countries found that self-reported pain was related to a 3.93
times higher risk of depression (12). This relationship may be partly
explained by the small samples examined in prior studies, which
were mostly cross-sectional, the study of a single pain condition at a
single body site, and the study of chronic pain compared to acute
pain (pain persisting for shorter than 3 months) (13). Hence, the
reported associations between pain conditions and depression may
have been affected by unmeasured confounders or reverse causa-
tion, necessitating the correct identification of causal relationships.
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Further studies that comprehensively characterize pain will support
the identification of high-priority pain sites for intervention.

Pain conditions do not occur in isolation but frequently coexist
and share common genetic and neurobiological vulnerabilities
(8, 14). Over one-third of pain patients report experiencing co-
occurring pain conditions worldwide. Extant studies usually in-
vestigate one single pain site at a time. Failure to account for the
co-occurring nature of pain locations may lead to inflated effect
sizes (14), as pain sites showing statistically significant associations
with depression when studied alone may not prove robust when
considered alongside other body sites (15). The National Institutes
of Health Pain Consortium recognizes the concept of co-occurring
pain conditions as an area of priority for additional research (16).
Epidemiological evidence has highlighted the extra burden of co-
occurring pain conditions on multiple health outcomes including
cardiovascular diseases (13), dementia (17, 18), and accelerated
brain aging (18), which are major contributors to the onset of de-
pression. Nevertheless, whether individuals with co-occurring pain
conditions are at an increased risk of depression, compared with
both pain-free and single-site pain individuals, remains unclear.
Now, the number of co-occurring pain sites is used to characterize
the overlapping nature of pain conditions (3). However, pain sites
may disproportionately affect depression, given evidence that dif-
ferent brain structures underlie pain at distinct body sites (19).
Hence, a composite-weighted score combining extent and duration
of pain conditions may show increased accuracy in capturing the
additive effect of co-occurring site-specific pain conditions on de-
pression (20, 21).

Despite the extensive literature on the association between pain
and depression, limited research examining the underlying mecha-
nisms exists. Potential mechanisms include shared risk factors (in-
cluding low educational attainment, obesity, physical inactivity, and
social isolation) (22), genetic overlap [pain conditions and depres-
sion have a high genetic correlation (8), and common genetic and
epigenetic modifications can mediate the pain-depression interaction
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(23)], the dysfunction of the serotonergic system (24), and disrupted
neural circuits (pain and depression share overlapping brain regions,
and alterations in brain regions responsible for pain processing may
contribute to aberrant emotional regulation in depression) (24).
Moreover, both chronic pain and depression have been linked to in-
creased levels of inflammatory markers (25). Chronic pain is accom-
panied by the release of proinflammatory cytokines and activation of
innate immune cells (26, 27), and inflammation has an important
role in the induction and maintenance of chronic pain (28). Similarly,
inflammatory dysregulation has also been implicated in the patho-
physiology of depression (29-31). This suggests that inflammation
markers may be one mechanism mediating the risk of increased de-
pression in individuals suffering from chronic pain. Elucidating this
mechanism can in turn provide a better understanding of the con-
tributing factors to depression in patients with chronic pain.

Leveraging data from UK Biobank, we systematically investigated
the prospective associations between pain conditions and depression
risk and examined causal inferences using Mendelian randomiza-
tion (MR) (32). MR uses genetic variants as instrumental variables
and is less likely to be affected by residual confounding effects and
reverse causality. By combining distinct pain sites and duration into
a composite score, we examined the additive effect of co-occurring
pain conditions on depression incidence. Last, we explored inflam-
mation markers as a potential mechanism driving the association
between pain and depression.

RESULTS

Study sample

A total of 431,038 UK Biobank depression-free participants at
baseline assessment were included in this prospective study: 177,865

1.Pain location-depression association

were pain-free, 70,964 reported acute pain, and 182,209 reported
chronic pain. Of the participants reporting specific pain site(s) (ex-
cluding participants with general pain), 99,383 reported single-site
chronic pain (SCP), and 76,756 reported multisite chronic pain
(MCP). Baseline characteristics by pain status are shown in tables S1
and S2. Overall, individuals had a mean age of 56.6 years at baseline
and 53.21% were female. Compared with pain-free individuals, those
with pain were more likely to be females, materially deprived, of a
non-white race, current smokers; they also drank less frequently, had
lower household income, had lower educational attainment, reported
more sedentary behavior, and had a higher prevalence of vascular
problems, obesity, and diabetes. Figure 1 shows an overview of analy-
ses performed in the current study.

Associations of pain across eight body sites with

depression risks

During a median follow-up of 14.22 years [interquartile range
(IQR) 13.50 to 14.91 years], 13,947 individuals developed depres-
sion. Compared with pain-free individuals, those with pain showed
a significantly increased risk of developing depression after adjust-
ment for important covariates (e.g., age; sex; race; material depriva-
tion; educational attainment; household income; smoking status;
alcohol intake frequency; sedentary behavior; BMI category; and
history of cancer, vascular or heart problems, and diabetes), irre-
spective of body site or duration (acute or chronic; Fig. 2A). For
each pain site, the strength of association was larger in chronic pain
than in acute pain. Notably, participants reporting chronic general
pain showed the highest risk of depression incidence {hazard ratio
(HR) = 2.91, 95% confidence interval (CI) = [2.62, 3.24], P =
3.03 x 107}, followed by chronic facial pain (HR = 2.60, [2.26,
2.98], P = 1.61 x 10™*%), chronic stomach pain (HR = 2.48, [2.32,
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Fig. 1. Overview of study workflow. Leveraging 431,038 participants from UK Biobank with a 14.22-year follow-up, this study investigated the prospective association
between pain conditions and depression risks, which were further replicated on matched data using a propensity score matching procedure. We also used MR to make
causal inferences about the effect of pain conditions on depression. We then examined the independent and joint associations of pain conditions across eight body sites
and varying duration with depression incidence. Last, using 14 inflammatory markers extracted from hematological assays, we explored inflammatory markers as a po-

tential mechanism driving the association between pain and depression.
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Fig. 2. Prospective associations of acute or chronic pain across eight body sites and incidence of depression. (A) Compared with pain-free individuals, those with
pain showed a significantly increased risk of developing depression, irrespective of body site, duration, and adjustment for multiple covariates. (B) Interaction analyses
supported a significantly modifying effect of age on the association of pain in the neck, back, hip, and knee with the depression risk, with participants aged younger than
65 years showing a higher depression risk than their older counterparts. The error bar and horizontal lines indicate the corresponding 95% Cl. The size of the bars and the

internal center represent mean HRs.

2.66], P = 1.23 x 107"**), and headache (HR = 2.19, [2.07, 2.32],
P =6.36 x 107'%%). All associations survived correction for multiple
comparisons (Bonferroni-corrected significance threshold P <
0.05/8), persisted in subgroups stratified by covariates (fig. S1) and
attenuated slightly when using a 10-year landmark analysis (fig. S2)
or when adding pain medication as a confounder (e.g., aspirin, ibu-
profen, and paracetamol; fig. S3). Moreover, excluding participants
having anxiety at baseline from the analyses did not appreciably
change the associations (fig. S4).

Interaction analyses support a significant modulating effect of
age on the association of pain in the neck, back, hip, and knee with
depression risks (Bonferroni-corrected P threshold < 0.05/13 for
13 tests), but not for the other covariates (fig. S5). In stratified analyses,
individuals with acute or chronic pain at these four sites aged
younger than 65 years had a higher depression risk than those aged
65 years and older (Fig. 2B).

Associations between pain status and depression risks

Compared with pain-free individuals, those with pain showed a sig-
nificantly increased risk of depression incidence after adjustment
for covariates and multiple comparisons, which was 1.27 times
higher in acute pain (95% CI = [1.20, 1.34], P=1.35 x 107"), 1.44
times higher in SCP (95% CI = [1.38, 1.51], P = 4.18 X 10™>), and
2.21 times higher in MCP (95% CI = [2.03, 2.33], P = 4.13 x 10?)
(Fig. 3A and table S3). A dose-response relationship was observed
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for this association with participants experiencing one to five or
more co-occurring pain sites having a 1.44-, 1.83-, 2.31-, 2.84-, and
3.32-fold increased depression risk compared with pain-free indi-
viduals. The exposure-response curve between the number of co-
occurring pain sites and depression risks was nonlinear (P < 0.001;
Fig. 3B), with plateauing trends at lower exposure but steeper slopes
at higher exposure. Notably, MCP demonstrated a 47% higher
depression risk than SCP (HR = 1.47, 95% CI = [1.41, 1.54],
P =9.58 x 10~%%). Associations persisted in subgroups stratified by
covariates (fig. S6). Sensitivity analyses, including a 10-year land-
mark analysis, excluding participants having anxiety at baseline, and
additional adjustments for pain medications, did not appreciably
change the associations (figs. S2 to $4).

Significant pain status-age and pain status-educational attain-
ment interactions were observed (Fig. 3C). These associations tended
to be higher in people younger than 65 years as compared to
their older counterparts for SCP (P = 1.53 X 107%) and MCP
(P =4.40 x 1077). In contrast, the modifying effect of education was
only significant for participants experiencing acute pain, with indi-
viduals having a college degree showing a higher depression risk
than those without a college degree (P = 3.87 X 1077; table S4).

Replication of associations in matched data
For each of the eight acute or chronic pain sites, the propensity
score matching (33) selected an equal number of controls from the
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Fig. 3. Prospective and causal associations of MCP with incident depression. (A) Compared with pain-free individuals, those with acute pain, SCP, and MCP had a
higher depression risk after adjustment for covariates and multiple comparisons, and depression risks increased along with the number of co-occurring pain sites.
(B) Exposure-response curve between the number of co-occurring pain sites and depression risks was nonlinear, with plateauing trends at lower exposure but steeper
slopes at higher exposure. (C) Significant interaction between pain status and age and between pain status and education attainment was observed. The dashed vertical
line indicates the significance threshold after correcting for multiple testing [—log(0.05/13) =2.41]. Specifically, the associations tended to be higher in people younger
than 65 years for SCP and MCP. Individuals with acute pain having a college degree showed a higher risk of depression than those without a college degree. (D) MR esti-
mates provided evidence for a significantly detrimental effect of MCP on depression. The scatterplot shows SNP effects on MCP and depression.

pain-free individuals, matched on all covariates with the corre-
sponding pain group (all P > 0.05; fig. S7 and table S5). When the
Cox proportional analyses were restricted to the matched data,
similar trends of associations regarding the direction and magni-
tude of associations were observed between acute or chronic pain
conditions across all sites and depression incidence (fig. $8). On the
basis of matched data, the risk of depression in participants with
acute pain, SCP, and MCP was also similar with that from the main
analyses, validating the robustness of the results.

Causal inferences of the effect of pain on depression

The MR estimates provided evidence for a detrimental effect of
MCP on depression but not for pain at any specific body site
(table S6). Specifically, using MCP-associated single-nucleotide
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polymorphisms (SNPs) as proxies (table S7), the inverse-variance
weighted (IVW) method under random effect found a 2.07 times
higher risk of depression per one-point increment in co-occurring
pain sites [odds ratio (OR) = 2.07, 95% CI = [1.64, 2.62],
P =1.06x 107°, Fig. 3D)]. The estimation based on other MR
methods including weighted median (OR =1.99, 95% CI = [1.62,
2.45], P = 6.52 x 107'!) simple median (OR = 2.04, 95% CI =
[1.66, 2.51], P = 1.68 x 10~'"), MR Egger (OR = 2.29, 95%
CI = [1.10, 4.77], P = 8.00 X 107°), and IVW under fixed effect
(OR =2.07,95% CI = [1.85,2.31], P = 1.06 X 10™°’) revealed com-
parable effect sizes, but the MR Egger method was only marginally
significant (Bonferroni-corrected significance threshold P < 0.05/9).
The scatterplot of SNP effects on MCP and depression is shown
in Fig. 3D.
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The MR Egger intercept test suggested no obvious directional
pleiotropy (intercept = 0.012, P = 0.056), but Cochran’s Q test indi-
cated significant heterogeneity (Q = 106.02, P = 5.95 X 10™'%). There-
fore, the IVW method under random effect was used as the primary
method. Moreover, MR pleiotropy residual sum and outlier (MR-
PRESSO) detected four outlying variants and removing these outliers
nominally impacted the estimation (OR = 2.06, 95% CI = [1.70,
2.50], P=2.20 x 10™"). Analyses leaving out each SNP revealed that
no single SNP drove the estimation (fig. S9). These results were con-
sistent with those using summary statistics for depression from a dif-
ferent consortium (fig. S10 and table S8).

The joint effect of pain conditions on incident depression
Mutual adjustment by all pain sites in a single model revealed sig-
nificantly attenuated associations between site-specific pain condi-
tions and depression risk compared with unadjusted models (Fig. 4).
Individuals with chronic pain across all regional body sites had a
significantly higher risk of depression in comparison to pain-free
individuals, with HRs ranging from 1.15 (hip pain) to 1.45 (stomach
pain). Individuals with acute pain also showed an increased depres-
sion risk than pain-free individuals, although the effect size for each
acute pain site was lower than its corresponding chronic pain site.
The risk of depression for acute pain in the neck (P = 0.141) and hip
(P = 0.785) fell short of significance. Of the seven localized body
sites, participants reporting stomach pain (HR = 1.45, [1.36, 1.54],
P = 1.06 x 10~°) and headaches (HR = 1.44, [1.37, 1.52], P =
1.36 x 107*') had comparably highest risks. Pain at the other body
sites showed similar effect sizes.

The composite pain scores were calculated by combining the indi-
vidual effects of acute or chronic pain across all body sites (fig. S11).
Strong evidence supported a nonlinear positive association between
composite pain scores and depression risks (P = 9.10 x 10™%). The
risk of depression increased monotonically across the entire range of
composite pain scores with a stronger detrimental effect at higher
exposure (Fig. 5A). Similar patterns of associations were observed
when investigating the tertile of the composite scores. Specifically,
compared with pain-free individuals, those in the lowest, middle, or
highest tertile of composite pain scores demonstrated a 1.22- (95%

CI = [1.16, 1.29], P = 7.68 x 107, 1.43- ([1.36, 1.50], P =
8.86 x 107"), and 2.25-fold ([2.15, 2.35], P = 1.96 X 10~**) elevated
risk of depression, respectively (table S9). The three groups of covariates
(socioeconomic, lifestyle, and physical health) showed comparable
effect sizes in explaining the associations of the composite pain
scores and depression incidence (fig. S12).

The mediating effect of inflammatory markers

Of all 14 inflammatory markers, 10 showed Bonferroni-corrected
significant associations with composite pain scores after controlling
for covariates (Fig. 5B and table S10). C-reactive protein (CRP) had
the largest effect size (Cohen’s d = 0.10, 95% CI = [0.094, 0.106],
P = 1.51 X 107>°%). MCP showed stronger associations with most
inflammatory markers than SCP (fig. S13). Significant linear associa-
tions were also observed between seven of the 14 inflammatory
markers and incident depression after controlling for covariates and
multiple comparisons (Fig. 5C and table S11). More specifically, the
neutrophils, CRP, neutrophil-to-lymphocyte ratio, leukocytes, platelet,
and neutrophil percentage showed detrimental effects, but the lym-
phocyte percentage showed protective effects. No evidence of non-
linearity was observed for any inflammatory markers.

Mediation analyses were further performed on these seven in-
flammatory markers showing significant associations with both
composite pain scores and depression incidence. We found that six
of these seven inflammatory markers (except lymphocyte percent-
age) significantly and partially mediated the prospective association
between composite pain scores and depression incidence while
controlling for covariates and multiple comparisons (bootstrapping
test, P < 2.0 X 10~% Fig. 5D), and CRP showed the greatest propor-
tion of mediated variance.

DISCUSSION

In this study, individuals in the UK Biobank with either acute or
chronic pain across all body sites were at a higher risk of developing
depression during a 14-year follow-up period. We also found an
additional burden and causal inference of co-occurring pain conditions
on depression risk. Moreover, CRP, neutrophil, platelet, leukocytes,
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Fig. 4. The independent association between each pain condition and the risk of depression after mutually adjusting for the other pain conditions. Dots indicate

mean HRs, and the horizontal lines indicate the corresponding 95% Cl.
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Fig. 5. Association of inflammatory markers with composite pain scores and depression incidence. (A) Strong evidence supported a nonlinear association between
composite pain scores and depression risks, with linear trends at lower exposure and steeper slopes at higher exposure. Compared with pain-free individuals, those in the
lowest, middle, and highest tertile of composite pain scores demonstrated a 1.22-fold, 1.43-fold, and 2.25-fold elevated risk of depression incidence, respectively. (B) Of
all 14 inflammatory markers, 10 showed significant associations with composite pain scores after controlling for covariates and multiple comparisons. (C) Significant linear
associations were also observed between 7 of the 14 inflammatory markers and incident depression after controlling for numerous covariates and multiple comparisons.
The size of the bars and the internal center represent mean HRs. (D) Mediation analyses showed that six of these seven inflammatory markers significantly and partially
mediated the prospective association between composite pain scores and depression incidence while controlling for numerous covariates and multiple comparisons.
Dots indicates mean HRs; vertical and horizontal lines indicate 95% Cl. Path thickness indicates the strength of associations, and numerical values for the largest and small-

est effect sizes are provided for reference.

and neutrophil-to-lymphocyte ratio significantly mediated the asso-
ciation between pain and depression, suggesting underlying mecha-
nisms driven by systemic inflammation.

Our findings corroborate existing results demonstrating positive
associations between pain conditions and depression (22, 34). Pre-
vious studies have generally focused on patients with chronic pain,
leaving the association between acute pain and depression largely
unknown. Acute pain may be overlooked in depression research be-
cause it is often associated with tissue damage that disappears upon
tissue healing (35). Yet, our study indicated significantly detrimental
effects of acute pain on depression risk, with HRs ranging from 1.44
to 2.27 depending on different body sites. Despite a smaller magni-
tude than the corresponding chronic pain condition, the increased
hazards conferred by acute pain were comparable with and even
greater than some well-established risk factors of depression such as
sedentary behavior (36), physical inactivity (37), and sleep problems
(15). In this regard, acute pain may provide a unique opportunity
for early intervention to delay the onset of depression before its pro-
gression to a chronic stage, which is more challenging to manage (I).

Chronic overlapping pain conditions are known to be associated
with negative affect such as depression or anxiety (14). Our results
lend strong support to this association and demonstrate both a steep
accentuation of the risk of depression with the increased number of
sites and a potential underlying genetic causal effect leading from
MCP to depression. Hence, MCP exhibited stronger associations
with depression than SCP. This can be partly explained by their
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different neurobiological correlates. A recent study revealed signifi-
cantly reduced hippocampal gray matter volume in MCP individu-
als, but not in SCP individuals (17). The hippocampus is implicated
in multiple depression-related processes (38), and the accelerated
brain aging of hippocampus in MCP may be the underlying cause of
depression. MCP has a much stronger genetic component than SCP
(39), which may increase the vulnerability to depression. Further-
more, MCP may have distinct pathophysiology from SCP. Specifically,
the top two genes specific to MCP were colorectal cancer suppressor
(DCC) and sidekick cell adhesion molecule 1 (SDK1) (39), which
were enriched in subcortical limbic regions and were involved in
mechanisms related to axonogenesis. This may contribute to emo-
tional dysregulation in depression. Moreover, our additional analy-
ses indicated that systemic inflammation may play a more important
role in MCP than in SCP, with MCP showing stronger associations
with most inflammatory markers than SCP (fig. S13). Further-
more, using MR with genetic instruments selected from large-scale
genome-wide association studies (GWAS), we found evidence sup-
porting a potential causal effect for genetically predicted MCP, but
not for any site-specific pain, on depression. This result highlights
the importance of a comprehensive approach to patients with chron-
ic pain accounting for all painful body sites and suggests that the
development of depression may stem from the cumulative effect of
multiple overlapping pain conditions (23). Our causal estimation
was similar to that observed in two recent MR studies (23, 40). Nev-
ertheless, overfitting might be a common concern in these studies
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because they used overlapped samples to generate summary statis-
tics for pain and depression.

Given the strong effects of MCP on pain, future pain research
should incorporate a dimensional rather than a categorical approach.
Consistent with this approach, we constructed a composite pain
score by combining the individual effects of acute or chronic pain
conditions across eight body sites. Using the composite score is a
more comprehensive approach than simply using the number of
co-occurring conditions (41) because the composite pain scores
combined these individual pain conditions in a weighted manner
factoring in their disproportionate effects on depression incidence
(42, 43). Depression risks increased monotonically alongside in-
creasing composite pain scores, lending support to the hypothesis
that pain exists on a “continuum of widespreadness” (44).

Although the prevalence of pain increases with age, middle-aged
adults with chronic pain of the neck, back, hip, or knee had a greater
risk of developing depression than their older counterparts. This can
be partly attributed to middle-aged adults having an enhanced sen-
sitivity to physiological pain, which may further translate into nega-
tive emotions (45). Moreover, older adults are more likely to benefit
from more effective coping strategies in regulating unpleasant emo-
tional experiences resulting from pain (46). We also observed a
higher risk of depression with acute pain in people who had no col-
lege education. This observation may be attributed to disparities in
access to health care. Together, these findings emphasize the need
for an early assessment and intervention in middle-aged patients
and/or patients with less than a college education suffering from a
new bout of pain to prevent the onset of mood symptoms.

Our study also provided preliminary evidence for a mechanistic
explanation for the link between pain and depression. We demon-
strated that inflammatory markers, particularly CRP, significantly
mediated the effect of composite pain scores on depression risks,
indicating a critical role of systemic inflammation. Chronic pain is
associated with inflammatory dysregulation and can stimulate the
release of proinflammatory cytokines, which further lead to the
activation of resident glial cells (47) and result in neuroinflammation
(28, 48, 49). Neuroinflammation can destroy synaptic plasticity (50)
and impair neurogenesis (51) by increasing the concentration of
neurotoxic metabolites in the brain and limiting the transmission
and transport of glutamate, which leads to the development of
depression (52). Proinflammatory cytokines can also lead to depres-
sion-like behaviors by damaging the blood-brain barrier and causing
hypothalamic-pituitary-adrenal axis activation (30). However, it
should be noted that the mediating effect was small, consistent with
other large-scale studies (17, 53). A primary reason is our adequate
adjustment for multiple confounds co-occurring with pain and de-
pression, which may also be linked to depression through the same
inflammatory pathways. Hence, the mediating effect should be in-
terpreted as a unique contribution beyond what can be explained by
other factors.

Our findings have potential implications for public health and
clinical care. Because of the significant increase in the risk of depres-
sion in individuals with pain, early screening for pain conditions
may be an effective way to identify high-risk individuals who may
benefit from intensive preventive efforts. Because of the scarcity of
curative treatment (54, 55), exploring modifiable risk factors for pri-
mary prevention is still the most crucial way to mitigate depression
risk (20), although those factors remain limited. In addition, unlike
current practices where patients with refractory chronic pain are
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referred to psychological medicine late in the process after having
received care from multiple pain providers, early psychological as-
sessment becomes a key step in the long-term prevention of depres-
sion onset. However, in clinical practice, a given pain condition is
usually considered a symptom of a localized somatic disease (56, 57).
Hence our study argues for the incorporation of pain assessment
into current depression management pathways (12).

Our analysis has some limitations. First, the pain conditions were
self-reported and broadly defined from a nonstandard pain-related
questionnaire. Detailed evaluation of the exact duration and intensi-
ty of pain was unavailable in UK Biobank at the baseline assessment
(8). Future studies should incorporate improved pain assessments
into calculating composite pain scores. Second, although the largest
existing GWAS of pain conditions was used, some identified few
significant SNPs and did not explain a significant amount of the total
variance (41). These SNPs may not be exact proxies of pain condi-
tions. Thus, updated MR analyses are needed as more powered
genetic findings emerge. A direct study of the causal relationship be-
tween MCP and depression requires further confirmation before it is
targeted in resource-intensive trails (15). Third, the list of included
inflammatory markers is not exhaustive, only mediated a small
percentage of the association between pain and depression. Inflam-
matory markers that are more sensitive to pain-related immunoin-
flammatory processes should be studied to better characterize the
mediating role of systemic inflammation in the pain-depression as-
sociations. Furthermore, the mediation effects are strictly measures
of association. Consequently, the mediating role of inflammatory
markers in the association between pain conditions and depression
warrants further validation using biological experiments. Whether
intervention strategies targeting the identified inflammatory markers
could help reduce depression risk attributed to chronic pain also
merits further investigation (41). Fourth, the influence of the co-
occurring patterns of pain conditions on depression incidence was
not investigated. A recent study revealed that the co-occurrence of
pain sites was not random but with a strong dependence between
proximal body sites (3). Future studies can determine which type of
combination of pain sites has the greatest impact on depression risks.
Fifth, data in UK Biobank are limited to people of European white
ancestry aged 40 years and over. Considering evidence suggesting
ethnic differences in pain pathophysiology (58), replication and gen-
eralization of the observed associations are essential when more
diverse samples become available. Last, although we adjusted for
numerous confounders, unmeasured or residual confounding is in-
evitable and may inflate the observed associations.

In conclusion, our study demonstrates associations between de-
pression and acute or chronic pain across all body sites, with head
and stomach pain showing the strongest associations, highlighting
the differential burden of pain sites on mental health. It reveals that
co-occurring multiple pain conditions is prospectively and causally
associated with an increased risk of depression, which is mediated
by inflammatory markers. Considering the high prevalence of co-
morbid depression and pain, pain screening may help identify indi-
viduals at high risk for depression.

MATERIALS AND METHODS

Study population

The UK Biobank project is a population-based cohort study. Details
are described elsewhere (59). In brief, more than 500,000 participants
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aged 37 to 73 years attended one of 22 assessment centers across the
UK from 2006 to 2010, where they completed touchscreen question-
naires, had physical measurements taken, and provided biological
samples. Participants for this study were excluded if they withdrew
from UK Biobank, were younger than 40 years, had a history of de-
pression at baseline, and had missing data or responded “prefer not to
answer” or “do not know” for pain questionnaires or any covariates. A
flowchart illustrating the criteria for sample selection is provided in
fig. S14. The UK Biobank study was approved by the North West Mul-
ticenter Research Ethics Committee (no.11/NW/0382), and written
informed consent was obtained from all participants.

Pain assessment
At baseline, participants were asked whether they experienced pain
that interfered with their usual activities. Possible options included
pain at any seven body sites (head, face, neck/shoulder, back, stomach/
abdomen, hip, and knee), “pain all over the body” (general pain),
and “none of the above.” Participants could choose more than one
body site for any of the seven regional body sites, but only one selection
was allowed for general pain (60). Participants reporting pain were
further asked whether this pain had lasted for more than 3 months,
which is an established threshold by the International Association
for the Study of Pain to distinguish chronic pain and acute pain.
The number of co-occurring chronic pain sites was then calcu-
lated into a score ranging from 0 to 7. As per previous studies (17),
participants who reported general pain were excluded from the cal-
culation due to the lack of site-specific pain information. Participants
reporting chronic pain at a single body site were labeled as patients
with SCP, while those who reported chronic pain at two or more
body sites were considered as having MCP (40, 61). Participants who
reported “none of the above” were categorized as pain-free controls.

Depression ascertainment

The diagnosis and date of depression were confirmed according to
the ‘first occurrence of health outcomes’ category from UK Biobank
database (Category 1712), which was identified through linkage to
National Health Service hospital admission, death records, primary
care, and self-reports from nurse-led interviews (based on physical
diagnosis) (62). Depression was defined as ICD-10 codes F32
(depressive episode) or F33 (recurrent depressive disorder). Partici-
pants were followed up until the date of first diagnosis of depression,
death, loss to follow-up, or the censoring date, whichever came first.

Peripheral inflammation markers

Inflammatory markers were obtained from each participant with
baseline hematological assays taken at recruitment. Details about
the hematological analyses can be found at https://biobank.ndph.
ox.ac.uk/showcase/ukb/docs/haematology.pdf. We included a total of
14 immunoinflammatory markers including CRP; platelets count;
leukocytes count; and count of basophils, eosinophils, lymphocytes,
monocytes, and neutrophils and their percentages in leukocytes.
We also included the neutrophil-to-lymphocyte ratio to reflect the
systemic inflammation status. CRP and neutrophil-to-lymphocyte ratio
were log-transformed to account for significantly skewed distributions.

Covariates

A total of 13 covariates collected at baseline were selected on the basis
of a recently published study investigating the association between
pain conditions and dementia incidence in the UK Biobank (17). All
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these covariates have individually been implicated in depression and
may influence the association between pain conditions and depres-
sion (62-64). Sociodemographic factors included age, sex, race
(white versus ethnic minorities), educational attainment (a categori-
cal variable indicating whether participants’ highest education at-
tainment was below or above college degree), average household
income (a categorical variable with income levels from low to high;
participants reporting “unknown” were created as a separate group
to maximize power), and material deprivation (measured using the
Townsend deprivation score and divided into tertiles with higher
values indicating fewer resources). Lifestyle factors included smoking
status (never, previous, and current), alcohol intake frequency (a cat-
egorical variable ranging from “never” to “daily or almost daily”) and
sedentary status [determined from television watching time and cat-
egorized using 4 hours/day as a cutoff (65)]. Physical health factors
included weight status (calculated from body mass index and catego-
rized as underweight, normal weight, overweight, and obese accord-
ing to WHO criteria; underweight and normal weight were merged
due to small sample sizes), history of vascular or heart problems (de-
termined from a self-report question indicating whether participants
had the following conditions: heart attack, angina, stroke, or hyper-
tension), history of cancer, and history of diabetes (determined from
a combination of self-reporting a diagnosis of diabetes and glucose >
5.6 mM). UK Biobank field identifications for all variables used in
this study are described in table S12.

Statistical analysis

Association analyses between pain conditions and

depression incidence

Baseline characteristics of the study populations are presented as
mean with SD for continuous variables or as frequencies with
percentages for categorical variables. A series of Cox proportional
hazards regression models were implemented to estimate the asso-
ciation of pain conditions across eight body sites and pain status
(SCP and MCP) with the risk of depression incidence using the
follow-up time as the underlying timescale. The analyses used pain-
free individuals as the reference group and adjusted for the 13 co-
variates described above. These covariates showed acceptably weak
multicollinearity, as indicated by variance inflation factor values <
1.5. Results were reported as HRs and their 95% Cls. The potential
nonlinearity was formally examined by introducing a restricted cu-
bic spline into the Cox models. All analyses were performed using
a 5-year landmark analysis to limit possible reverse causality by
excluding participants experiencing events during the first 5-year
follow-up (66). The proportional hazard assumption was checked
using Schoenfeld residuals, and no violation was found. The modi-
tying effect of all covariates on the association was examined by
including a multiplicative interaction term, and stratified analyses
were further performed by covariates showing significant interac-
tion effects.

Replication analyses of associations using matched data

To validate the robustness of the identified associations, we used a
propensity score matching procedure to control for differences in
baseline characteristics between comparison groups (67). For each
of the 16 pain conditions (8 sites X 2 duration) and two pain sta-
tuses (SCP and MCP), each participant in the pain group was
matched on all 13 covariates to a single pain-free participant. We
used “matchit” in the “MatchIt” package (68) with a logit caliper
width of 0.002 and the nearest-neighbor method (69). We repeated
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the above analyses using the matched data to investigate the associa-
tions between pain conditions and depression risks.

Independent and additive effects of pain conditions on
depression incidence

The independent association of each of the 16 pain conditions (8 body
sites X 2 durations) with the risk of depression was investigated by
mutually adjusting for the other 15 pain conditions. Specifically, each
of the eight pain sites was dummy coded into two binary variables,
one signifying the presence of acute pain, the other one signifying
the presence of chronic pain. A single Cox proportional hazards
model was established by simultaneously including all 16 dummy
variables and 13 covariates (20, 21). Then, each of the dummy vari-
ables was multiplied by the corresponding P coefficient from the
mutually adjusted model, summed, and divided by the sum of all p
coeflicients, generating a weighted composite pain score (21). Theo-
retically, the pain-free group will have a score of 0, and a higher com-
posite score would represent more exposure to pain risks. Last, we
implemented Cox proportional hazards models to investigate the
association between the composite pain score and depression risks.
Causal inferences using MR

We performed two-sample MR analyses to make causal inferences
about the effects of genetically predicted pain conditions on depres-
sion using the “TwoSampleMR” package in R (70). Summary statis-
tics for pain at the eight body sites and MCP were obtained from
large GWAS performed in the European population from UK Bio-
bank (N = 151,922 to 224,073 for regional pain and N = 387,649 for
MCP) (8, 60). Detailed information and source of GWAS data are
provided in table S13. For each of the nine pain conditions (eight pain
sites and MCP), we extracted significant SNPs based on the genome-
wide significance threshold at P < 5.0 x 10~® and relaxed the thresh-
old to P < 5.0 x 10~ for traits lacking enough SNPs (<3 SNPs). The
extracted SNPs were used as instrument variables and clumped for
independence at 7* > 0.001 with a window of 10,000 kb. The sum-
mary statistics for depression were obtained from the iPSYCH con-
sortia (71) that left out samples from UK Biobank and 23andMe,
which included 166,773 cases and 507,679 controls. We then har-
monized the exposure and outcome datasets and used the IVW
method under fixed or random effects as the primary analysis to
combine effects of each SNP. Weighted median, simple median, and
MR-Egger were implemented as sensitivity approaches.

We checked for evidence of heterogeneity and horizontal pleiotropy
using Cochran’s Q test and MR-Egger regression intercept term.
We also applied MR-PRESSO to detect and correct for any outliers.
Leave-one-SNP-out analysis was performed to assess if the overall
effect was driven by any single SNP (15). For sensitivity analyses, we
reran the MR analyses using summary statistics for depression from
the Psychiatric Genomics Consortium of individuals of European
descent, which did not include UK Biobank or 23andMe data (72).
We adhered to the guidance of the Strengthening the Reporting
of Observational studies in Epidemiology (STROBE)-MR guidelines
in reporting the MR study (table S14).

Mediating analyses of the effects of inflammatory markers

We investigated how the composite pain scores relate individually to
the 14 inflammatory markers through separate linear-mixed effect
models. For each model, the composite pain scores and covariates
were fitted as independent fixed effects, the UK Biobank assessment
center was used as a random effect, and the inflammatory markers
were used as the dependent variable. The standardized p coefficients
were extracted and converted to Cohen’s d according to previous
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studies (73, 74). Linear and nonlinear associations between these
inflammatory markers and depression incidence were also investi-
gated using Cox proportional hazards models within the same ana-
Iytical framework.

We further used the “mediation” package in R to examine wheth-
er the prospective association between composite pain scores and
depression risks was mediated by inflammatory markers. We estab-
lished a standard three-variable path model, where linear regression
was used for pain-inflammatory associations and survival regres-
sion was used for pain-depression and inflammation-depression as-
sociations (75). The significance of mediating effects was determined
on the basis of 5000 bootstrap iterations. All analyses were conduct-
ed in R 4.3.3, were adjusted for the same set of covariates, and were
corrected for multiple comparisons using Bonferroni correction.

Supplementary Materials
This PDF file includes:

Figs.S1to S14

Tables S1to S14
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